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Abstract 
This research investigated the techno-economic feasibility of increasing hours of electricity 
services on Likoma Island in Malawi; making use of solar photovoltaic and wind power in 
order to enhance sustainable livelihood. Likoma Island grid is operated independent of the 
mainland grid; and the island is supplied electricity by diesel generators which are scheduled 
for only 14 hours per day. The limited hours of electricity supply constrains the delivery of 
essential services and hinders people from achieving sustainable livelihoods. The research 
used empirical and modelled data of solar irradiance and hub height wind speed, photovoltaic 
and wind energy systems costs, diesel-generator operation costs, energy needs, energy use 
patterns, electricity demand profile, and prevailing socioeconomic conditions. Diesel, 
photovoltaic, and wind based energy systems feeding the Island‘s grid; and autonomous 
photovoltaic and wind energy systems for selected essential institutions were modelled and 
simulated using the Hybrid Optimization Model for Electric Renewables. Energy system 
solutions are proposed indicating cost factors and opportunities for the enhancement of 
sustainable livelihoods. 
The thesis argues that with the financial resources committed to the prevailing 14-hours 
supply of electricity by diesel generators, it is feasible to provide Likoma Island with 
electricity for 24 hours every day by photovoltaic and wind based energy systems. A 
deployment model which uses excess energy from the modelled photovoltaic and wind power 
systems to serve non-grid loads and livelihood activities which are difficult to account for 
when sizing embedded renewable energy systems has been developed. 
The findings provide cost projections of photovoltaic and wind energy systems relative to 
diesel generators upon which investment and policy decisions can be made. Microscale wind 
maps at 10 m, 25 m, 40 m and 50 m have been developed for identification of potential wind 
turbine sites. Empirical socioeconomic data which are essential for the design of delivery 
mechanisms for renewable energy systems have been generated. The deployment model 
proposed by the research gives new insights into holistic ways of enhancing sustainable 
energy access in low-income communities. The interdisciplinary insights provided by this 
thesis can be applied in other countries and communities with similar socioeconomic contexts 
to Likoma Island.  
Keywords: Likoma Island, photovoltaic, wind, island grid, sustainable livelihoods, Malawi. 
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Nomenclature 
Abbreviations 
AC Alternating current 
AHP Analytical hierarchy process 
Batt. Lf. Battery life 
CC Cycle charging 
COE  Cost of energy 
Conv. Converter 
CSR Climatological Solar Resource 
DC Direct current 
DCCMS Malawi‘s Department of Climate Change and Meteorological Services 
DFID The United Kingdom‘s  Department for International Development 
D-Gen / D-G Diesel generator 
Disp. Strgy Dispatch strategy 
ELECTRE Elimination Et Choix Traduisant la REalite´ , an MCA software 
ESCOM Electricity Supply Corporation of Malawi 
FIT Feed-in tariff 
GVRLA Gel valve regulated lead acid battery 
HOMER Hybrid Optimisation Model for Electric Renewables 
IEA International Energy Agency 
IPCC Intergovernmental Panel on Climate Change 
IRENA International Renewable Energy Agency 
LCOE Levelised cost of energy 
LED Light emitting diode 
LF Load following 
MCA Multi-criteria Analysis 
NASA National Aeronautics and Space Administration of the United States of 
America 
NPC Net present cost 
NREL  National Renewable Energy Laboratory of the US 
PHS Pumped hydro storage 
PM Particulate matter 
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PROMETHEE Preference Ranking Organization Method of Enrichment Evaluation, an 
MCA software 
PV Photovoltaic 
Ren. Frac. Renewable fraction 
RET Renewable Energy Technologies 
SPSS Statistical Package for the Social Sciences 
SSE Surface Meteorology and Solar Energy 
SUREDSS Sustainable and Rural Energy Decision Support Software, an MCA software 
UHC Unburnt hydrocarbons 
US United States  of America 
TV Television 
WAsP Wind Atlas Analysis and Application Programme 
WTG Wind turbine generator 
Symbols and Units 
% per cent  m
3 
cubic metre 
A Ampere  m/s metres per second 
Ah Ampere-hour  MJ mega joule 
AUS$ Australian dollar  MW megawatt 
°C degree Celsius  MWh megawatt-hour 
Kg kilogramme  MWK Malawi Kwacha 
Km kilometre  NOx Nitrous Oxides 
km
2
 square kilometre  US$ United States dollar 
Kw kilowatt  V Volt 
kWh kilowatt-hour  W Watt 
kWh/d kilowatt-hour per day  Wh Watt-hour 
kWh/yr kilowatt-hour per year  MJ mega joule 
kVA kilovolt-ampere  Wp Watt peak 
M Metre    
m
2
 square metre    
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Constants 
Heating value of diesel 43.2 MJ/kg  Density of air 1.225 kg/m
3 
Carbon content of diesel 88 %    
Sulphur content of diesel 0.33 %     
Assumptions for emission factors of diesel generators (kg/litre)  
Carbon dioxide 2.6  Nitrous oxides 0.058 
Carbon monoxide 0.0065   Particulate matter 0.00049  
Unburned hydrogen carbons  0.00072     
Proportion of sulphur converted 
into particulate matter 
0.0022    
US$1 = MWK400.00 
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Chapter 1 : Introduction 
1.1 Background  
Modern energy is fundamental for providing access to essential social services such as 
healthcare and clean water supply, clean household energy services; and for enabling 
economic activities [1,2]. However, provision of modern energy, particularly electricity, to 
remote locations such as island communities presents significant challenges. As observed by 
[3], [4] and [5], island communities usually rely on isolated diesel power plants for their 
electricity services. Apart from the carbon emissions from the diesel generators, which 
contribute to the global challenge of climate change and local air pollution; EURELECTRIC 
[3] concedes that isolated diesel power plants are expensive to run. Generally, the reliance on 
isolated diesel generators threatens the achievement of energy security and sustainable 
livelihoods for island communities due to logistical problems associated with diesel supply 
[6].  
Experiences from the Cape Verde wind farms [7] and the Bonaire Island wind-biodiesel 
hybrid system [8] show that renewable energy can play a significant role in reducing the 
dependence on diesel generators by island communities. However, a number of issues exist 
that constrain the development of renewable energy systems. For example, Rolland and 
Glania [9] observed that financial and operational issues are crucial to make renewable 
energy systems sustainable. This thesis examines opportunities and barriers to embedded1F
2
 
electricity generation by solar photovoltaic arrays and wind turbines in order to help the 
people of Likoma Island in Malawi achieve sustainable livelihoods. The research was 
interdisciplinary: social, technical, and economic parameters relating to photovoltaic and 
wind electricity-generation systems relative to diesel-fired electricity were investigated. 
Feasible systems are proposed indicating cost factors, and the potential contribution to 
sustainable livelihoods.  
1.2 Overview of Likoma Island 
Likoma Island is the larger of the two habitable islands comprising Likoma district in Lake 
Malawi. The lake is about 560 km long, 80 km wide; and Likoma Island is about 70 km into 
the lake and away from the nearest Malawi mainland town, Nkhatabay. The Island lies 
between latitudes 12° 00‘ S and 12° 08‘ S, and longitudes 34° 40‘ E and 34° 47‘ E [10]. The 
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 Denoted as embedded because they are included in the distribution network [165] 
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total land area of Likoma Island is 18 km
2 
[11]. About 1,500 households live on the Island; 
the total population is about 10,500. A detailed socioeconomic characterisation of the island 
is presented based on the research findings in chapter 6. Unlike on the mainland Malawi 
where electricity is supplied by hydropower, electricity on Likoma Island is supplied by 
isolated diesel generators, see Figure 1-1.  
 
Figure 1-1: Diesel generators for electricity supply on Likoma Island  
250 kVA (0.8 power factor) each i.e. rated power capacity of 600 kW 
The diesel generators feed into a small grid system independent of the mainland grid. Due to 
the harmonisation of electricity tariffs in Malawi, which is based on the hydroelectricity (at 
US$0.085 per kWh) on the mainland, the operations of the diesel generators on Likoma 
Island relies on concessions. In order to reduce costs, the diesel generators are run for only 14 
hours per day i.e. from 6:00 hours to 12:00 hours and from 14:00 hours to 22:00 hours. As a 
consequence the following services are affected: 
(a) health services such as emergency theatre operations;  
(b) education services especially at the Island‘s two secondary schools; 
(c) telecommunication services by base transceiver stations; 
(d) clean water supply by the Island‘s water treatment plant;  
(e) hospitality services by the Island‘s tourism and accommodation services 
providers; and  
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(f) household energy-services.  
It also occurs that electricity supply may not be available for successive number of days when 
logistical challenges of diesel supply become severe. 
The volatility of diesel prices on the world market provoked thoughts within energy 
stakeholders in Malawi that photovoltaic and wind energy could reduce the dependence of 
Likoma Island on diesel. However, as stated by the International Renewable Energy Agency 
[6] without access to reliable information on the relative costs and benefits of renewable energy 
technologies; it is difficult for decision makers to arrive at an accurate assessment of which 
renewable energy technologies are the most appropriate for a particular circumstance. In the 
course of this research, in 2012, the Malawi Energy Regulatory Authority introduced feed-in 
tariffs; among other reasons, citing the need to displace diesel-fired electricity on Likoma 
Island; however, it is conceded that there is need for detailed feasibility studies upon which 
power purchase agreement can be negotiated [12]. Alternative views may suggest an 
underwater cable from the mainland to Likoma Island; but as discussed by Zalengera et al 
[13], with 350 MW of installed capacity, the mainland Malawi also has inadequate electricity 
generation capacity which is unable to meet the growing electricity demand of only 8 per cent 
of Malawians accessing grid electricity. Given this background, the research objectives are 
outlined in the next section. 
1.3 Research Objectives  
The goal of the research was to determine the technical and economic feasibility and the 
potential livelihood contribution of solar photovoltaic and wind electricity integration on 
Likoma Island. For more reliable feasibility assessments, Diana [5] observed that the use of 
methodology tools to optimize the energy systems, and encompassing factors such as 
accurate demand estimation, renewable resource estimation, adequacy of storage 
technologies, and real investment projection is essential. On the other hand, Rolland and 
Glania [9] observed the importance of balancing energy-systems commercial viability and 
people‘s willingness to pay; and the United Nations Development Programme [14] observed 
the need to align energy systems delivery with productive uses for end-users‘ income 
generating activities. Therefore the research set the following eight objectives: 
i. To determine the energy needs and their prioritisation;  
ii. To estimate the energy demand and its profile; 
iii. To find out social practices that can influence energy consumption; 
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iv. To determine household purchasing-power for energy; 
v. To find out existing business enterprises and desired business enterprises; 
vi. To conduct wind and solar resource assessment; 
vii. To model the technical and economic performance of solar photovoltaic and wind 
electricity generation systems relative to exclusively diesel-fired generation 
system; and 
viii. To devise an energy-system deployment model that could enhance sustainable 
livelihoods on Likoma Island and Malawi. 
1.4 The Research Approach  
Due to the nature of the research objectives, an interdisciplinary methodology was adopted. 
According to [15] interdisciplinary research is a: 
 „mode of research by teams or individuals that integrates information, data, 
techniques, tools, perspectives, concepts, and/or theories from two or more disciplines 
or bodies of specialised knowledge to advance fundamental understanding or to solve 
problems whose solutions are beyond the scope of a single discipline or area of 
research practice‟. 
As will be seen in chapter 3 and chapter 4, the research made use of techniques from social 
sciences and engineering disciplines. But the key technique used by the research was the 
optimisation of energy systems by computer modelling. The key modelling software was the 
Hybrid Optimization Model for Electric Renewables (HOMER) which was initially 
developed by the United States of America‘s National Renewable Energy Laboratory 
(NREL), and later licenced to HOMER Energy [16]. The key inputs to HOMER software are 
time-series electricity and/or heat demand profile; time-series wind speed and radiation data; 
system components cost data, economic factors such as discount rate; and system constraints 
such as operating reserve, minimum renewable penetration, maximum allowable capacity 
shortage, and emission penalties. The key output of HOMER software is a list of feasible 
technology combination indicating, among other metrics; system components sizes and 
configurations, associated capital costs and operation costs, cost of energy, emissions, 
renewable penetration; and performance factors of the key system components such as 
battery, photovoltaic array, inverter, wind turbines, and diesel generators. Section 4.2 
discusses the HOMER software in more detail. 
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In order to determine the electricity demand profile, empirical data of electricity uses and 
operational electrical appliances and equipment were collected from households and 
institutions on Likoma Island. The electricity demand and its daily profile were then 
modelled using Excel Spreadsheet. The solar and wind resources were estimated based on 
measured data supplied by the Malawi Department of Climate Change and Meteorological 
Services; and GIS databases, namely: NASA‘s Surface Meteorology and Solar Energy 
database (SSE) [17]; and the US NREL Climatological Solar Resource database (CSR) [18]. 
A wind resource map was developed from the measured wind data by applying the Wind 
Atlas Analysis and Application Programme (WAsP) [19] for identification of potential wind 
turbine sites. Costs for system components were estimated based on quotations from 
contacted international suppliers, online sources, and estimated local (Malawi) logistical and 
installation costs.  
For a pragmatic analysis of the potential impacts of the modelled energy systems, the 
research applied the sustainable livelihood approach i.e. 
‗A livelihood comprises the capabilities, assets (including both material and social 
resources) and activities required for a means of living. A livelihood is sustainable when it 
can cope with and recover from stresses and shocks; maintain or enhance its capabilities 
and assets, while not undermining the natural resource base‟ [20]. 
With the sustainable livelihood approach, renewable energy systems can be viewed as 
physical assets for enhancing people‘s capabilities for meeting livelihood outcomes. The 
sustainable livelihood approach is people-centric and entails understanding people‘s priorities 
and their socioeconomic context [21]. The sustainable livelihood approach is augmented by 
the theory of diffusion of innovation [22] as will be seen in section 2.4 and section 2.6. 
Through a synthesis of the theory of diffusion of innovation and the sustainable livelihood 
approach; a novel analytical method for prioritising energy development interventions was 
developed in order to make a robust prioritisation of energy services. The socioeconomic data 
was analysed making use of the Statistical Package for the Social Sciences (SPSS).  
1.5 Research Novelty  
The thesis provides new insights into the opportunities which renewable energy systems can 
provide; and introduces new approaches for deploying renewable energy systems for 
development particularly for low income communities in developing countries.  Previous 
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renewable energy development for island communities has emphasized opportunities to 
reduce the cost of energy, importation of diesel for electricity generation, and operation 
optimisation of variable renewable energy sources [7,8,23-25]. In addition to the 
aforementioned three aspects, this thesis indicates the feasibility of increasing daily hours of 
electricity-services making use of photovoltaic and wind power within financial resources 
which are committed to limited-time of diesel-fired electricity supply. Moreover, 100 per cent 
renewable energy systems solutions with significantly lower lifecycle costs and lower cost of 
energy than diesel generators have been identified; which addresses the question about the 
capability of photovoltaic and wind power systems to meet the electricity needs of users.  
Additionally, unlike previous studies which are based on technology-push approaches [26] 
this research applied a people-centric sustainable livelihood development-approach and 
modelled adequately-sized energy systems for services selected based on empirical end-user 
previous experiences with existing energy sources, and the prioritisation of energy needs and 
services. A novel analytical method for calculating the prioritisation index of energy services 
using the perceived importance of services and satisfaction was developed and applied.  
Furthermore, the thesis augments the quantitative economic merits of photovoltaic and wind 
based systems with qualitative merits based on the sustainable livelihood framework which 
extends the scope of evaluating the impacts of embedded energy systems in island 
communities. The thesis also provides an insightful exploration of enabling and hindering 
factors of the modelled energy systems based on political, economic, social, technology, legal 
and environmental criteria. 
Finally, the thesis introduces a novel deployment model which includes a grid-connected 
energy kiosk using excess power from the island grid based photovoltaic and wind power 
systems; which has potential to eradicate the use of solid and liquid fuels including for 
communal and economic livelihood activities which are usually overlooked in developing 
countries; but at the same time enhancing the power system operation optimisation.       
1.6 Thesis Structure 
The thesis is structured as follows: Chapter 2 presents a review of renewable energy 
development and sustainable livelihoods; highlighting experiences from selected previous 
embedded renewable energy systems in island communities and remote locations, factors 
affecting the adoption and sustainability of renewable energy systems, the concept of 
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sustainable livelihoods and methodologies relating to renewable energy development and 
sustainable livelihoods. The research methodology is described in chapter 3 and chapter 4. 
Chapter 3 discusses the methodology for collection and analysis of data from human 
participants for the characterisation of energy use patterns, energy needs and demand, and 
socioeconomic context for adapting energy systems. Chapter 4 discusses the methodology for 
techno-economic feasibility assessment of energy systems highlighting the solar and wind 
resources-estimation methodology; the modelling of technical and economic performance of 
solar photovoltaic, wind, and diesel based energy systems. Chapter 5 presents the findings of 
the technical and economic modelling of the energy systems i.e. diesel generators, 
photovoltaic arrays and wind turbines. Chapter 6 presents the socioeconomic conditions of 
Likoma Island; highlighting the energy needs and their prioritisation, and the existing energy 
sources; household purchasing-power for energy; and practices that can influence energy 
consumption. For coherence, the findings of energy demand estimation are included as part 
of the energy systems modelling in chapter 5. Chapter 7 presents a proposed energy-system 
deployment model that could enhance sustainable livelihoods on Likoma Island; and the 
potential livelihood contribution that can be made by the photovoltaic and wind based energy 
systems, along with the potential enabling and hindering factors for the integration of 
photovoltaic and wind electricity on the Island. Finally, the thesis conclusion and 
recommendations for future work are outlined in chapter 8. Also, as part of the research, a 
review journal article was published on ‗Overview of the Malawi energy situation and 
PESTLE2F
3
 analysis for sustainable development of renewable energy‘; the paper is attached in 
appendix A1.  
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Chapter 2 : A Review of Renewable Energy Development and 
Sustainable Livelihoods 
2.1 Introduction 
This chapter reviews selected previous renewable energy systems from around the world, 
highlighting the contribution of renewable energy to sustainable livelihoods; and discusses 
methodologies for renewable energy development for enhancement of sustainable 
livelihoods, and factors affecting the sustainability of renewable energy technologies. In 
section 2.2 an overview of impacts of renewable energy systems is presented. Section 2.3 
discusses experiences from selected island communities‘ renewable energy projects and 
examines sustainability issues for renewable energy technologies. In section 2.4, a review of 
the sustainable livelihood approach for development of renewable energy systems is 
provided. Methodologies for renewable energy development which relate to the sustainable 
livelihood approach are presented in section 2.5. Section 2.6 discusses the theory of diffusion 
of innovation augmenting the sustainable livelihood approach. Section 2.7 discusses essential 
factors for the sustainability of renewable energy systems particularly for developing 
countries. The chapter summary is laid out in section 2.8. 
2.2 Impact of Renewable Energy Systems  
There is significant evidence about the contribution of renewable energy systems to economic 
growth and people‘s well-being. For example, in 2007, 23,500 jobs were supported by the 
wind energy sector and its associated supply chain industry in Denmark [27]; and [28] 
indicates that wind energy had supported 170,000 person-years equivalent of jobs between 
2011 and 2013 in Brazil. In the United Kingdom, the seven biomass and wind energy projects 
approved in April 2014 were forecast to support 8,500 jobs [29]. Reports from Asia, Africa 
and Central America [30-34] indicate the role of renewable energy on extending students 
study time; ensuring night time security; providing clean water supply and sanitation; 
reducing mortality rate; reducing drudgery on women and children; reducing deforestation; 
generating employment; improving living conditions of people and public workers in rural 
areas; and increasing economic productivity. A study by Adkins [35] found out that 
communities in Malawi using solar lanterns reduced their annual expenditure on kerosene by 
85.7 per cent. In Ecuador, the IEA [33] reported increased productivity from local industries 
because of a Pico-hydropower system. The IEA [33] further reported that quality of life 
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improved because of increased communal interactions, productive education sectors, and 
increased savings from reduced fuel costs. In Nepal, Gurung et al [36] reported reduced 
disease incidences by up to 50 per cent, improved quality of education and reduced emissions 
because of a micro-hydro power plant. In India, wood-biomass gasifiers used for silk reeling 
in Karnataka and Andhra Pradesh resulted in 58 per cent of wood savings, 3.8 per cent 
additional silk production, job creation, and competitiveness and survival of the silk industry 
[37]. In West Bengal, Gupta [37] reported a positive transformation due to use of 
photovoltaic mini-grid power; and clean surroundings, reduced incidences of waterborne 
diseases and improved income because of biogas systems.  
Despite the positive effects arising from development and use of renewable energy 
technologies (RETs); sustainability particularly for decentralised renewable energy systems 
continues to present significant challenges. An analysis of experiences from selected previous 
renewable energy projects is presented in the next section.  
2.3 Experiences from Previous Renewable Energy Projects  
Four case studies of island renewable energy systems are presented followed by a general 
discussion. 
2.3.1 Photovoltaic System for Pangan-an Island in the Philippines: Source [5,38] 
The conventional energy sources on Pangan-an were kerosene and private 3F
4
 diesel generators 
for lighting; and biomass for cooking. In 1999, a 45.36 kWp photovoltaic system (PV) with 
battery storage and inverter was installed with donation funds from Denmark. The expected 
system lifecycle was 20 years but needed replacement of batteries after 10 years; inverter 
after 10 years, and controller after 5 years. A local cooperative society was formed to manage 
the PV system i.e. collecting fees from users and carrying out system maintenance. The 
Island had 302 households when the system was installed; the average output energy from the 
PV system was 85.5 kWh per day i.e. 0.28 kWh per household which could be less 
considering that the system also provided power to certain public social services e.g. hall, 
street lights, and school. Household electricity end-uses included lighting, cooling fans, cell 
phone charging, TV, DVD players, and radio; cooking was not allowed. The levelised cost of 
energy for the PV system was US$1.45 per kWh which was adjusted to US$0.7 per kWh for 
the recovery of operations and maintenance costs only since the capital was a donation. Thus, 
the average monthly bill per household would be US$5.88; assuming every household would 
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be connected. On the other hand, the cost for lighting using a paraffin lamp was US$2.25 per 
month per paraffin lamp used for 2.5 hours per day. The cost of electricity lighting from 
private generators was US$3.75 per month for a 20 W light bulb used for 4 hours per day.  
In order to ensure that the revenue collected from the users of the PV could cover the cost of 
system maintenance, the energy pricing structure included fixed charges and variable charges 
which depended on the number of users. Initially, the fixed charge was US$5.25 per month 
for a consumption of up to 9 kWh; each additional kWh was charged at US$0.75. When it 
was found out that the fixed charge discouraged households to connect and that the revenue 
collection was low from the connected households; the fixed charge was reduced to US$3.75 
for up to 7 kWh per month. To further promote connections, a further adjustment was made: 
the fixed charge was reduced to US$2.75 for up to 9 kWh per month, and each additional 
kWh was charged at US$0.575. Hong [38] reported that the tariff adjustment increased 
connections; and combined with strict management rules, revenue collection improved. In 
2006, the fixed charge was further revised to US$1.25 for up to 3 kWh per month and the 
charge for each additional kWh was revised to US$0.375. However, it was reported that, in 
the same year, the system output decreased 4F
5
 significantly while the household connections 
were increasing. By 2010, 236 households out of 375 households (63 per cent) were 
connected to the PV system compared to 155 households out of 302 households (51 per cent) 
in 1999 when the system first became operational. The paper [38] indicates that less than 50 
per cent of the users were satisfied with the availability of electricity while less than 40 
percent were satisfied with the amount of electricity; 58 per cent indicated the cost of PV 
energy was affordable; 75 per cent indicated that they were satisfied with the system 
maintenance; over 80 per cent indicated that they were satisfied with the system life and the 
overall project. 
When the batteries failed in 2009, there were not enough funds for the replacement of 
batteries probably due to low fees collection; therefore the system could supply power only 
during the day time. Apart from the need for financial support, it was indicated that external 
technical support was required for the battery replacement. As a result, the cooperative 
started working on another project to adopt rechargeable solar lanterns for lighting at night to 
supplement the failing centralised system.  
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 Technical assessments showed that the efficiency of the PV modules  had decreased below 80% of their 
nominal value; and  the  efficiency of the batteries was lower than the nominal value   
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It was also indicated that, before the PV system, the users‘ expenditure on equivalent energy 
services was US$3.40 per month compared to US$2.75 per month from the PV system. It was 
also indicated that users spent US$4.55 per month on additional energy sources 
simultaneously with the PV system. Additionally, it was found out in 2010 that electricity 
was ranked second to food and cooking in importance among eight needs with health and 
education services ranked third and fourth respectively. 
It was also observed that there was no systematic procedure that was followed to determine 
the size of the PV system and predict the technical performance [5].  
2.3.2 Photovoltaic Systems in Gilbert Group of Islands in Kiribat: Source [39]  
It was reported that the energy needs for the Gilbert Islands were met from fossil fuels, 
biomass, solar, and wind. Solar and wind contributed less than 1 per cent of the total primary 
energy consumption. The adoption scenarios for the solar and wind energy technologies were 
reported as follows: 
(a) Solar home systems leased from the Kiribat Solar Energy Company: The systems 
typically powered three 11 W bulbs for 6 hours lighting per day; a 0.5 W5F
6
 bulb for 
10 hours night-lighting per day and a 16 W radio for 6 hours use per day. It was 
indicated that, in 2007, users paid a monthly fee of AUS$9.00 or AUS$10.00 for the 
leased systems; the amount probably depended on the declared and verified uses. 
(b) Solar home systems privately purchased: The sizes ranged from 35 W to a few 
kilowatts.  
(c) School PV systems for lighting in staff houses and classrooms; some systems were 
installed in the 1980‘s. It was reported that some systems were abandoned due to 
failures of batteries which were never replaced.  
(d) Solar PV systems for community halls which were used for meetings, public 
entertainment, and other social and religious events. The system sizes ranged from 
300 Wp to 600 Wp and were primarily for lighting. 
(e) Solar water pumping systems: 11 water pumps were reported to have been installed; 
one on each of the 11 of the 32 Gilbert Islands. All of the water pumps were 
financed by aid from international organisations or foreign governments. Seven 
water pumps were installed to replace non-operative wind mills which had been 
installed in the 1960‘s.  
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(f) Solar PV systems for health clinics especially for vaccine refrigerators, lighting and 
radio communication; with a total capacity of 392 Wp. These were financed by aid 
from a foreign government. 
(g)  Solar PV for communication systems: These included a total of 5 kW PV systems, 
by the telecommunication services provider, powering the radio systems on each of 
the islands groups; a 5 kW PV system for a satellite earth station which was funded 
by the national government; and PV systems for radio communication for some 
schools and health centres.  
(h) Solar PV system for street lighting: It was reported that 44 of the street lights on the 
Gilbert Islands are powered by PV. Each of the street light is 20 W, powered by an 
80 W PV module which charges maintenance-free batteries housed underground. 
The street lights operate for 12 hours from evenings to mornings. 
Apart from the benefits represented by the range of applications, the following challenges 
were reported.  
(a) Isolation of systems from maintenance expertise; 
(b) Lack of users‘ capacity to take care of systems; and  
(c) Insignificant use of systems for income generating activities. 
2.3.3 Wind-Biodiesel Power Plant for Bonaire Islands, Netherlands: Source [8] 
The system first became operational in August 2010 and it was developed to displace 12 MW 
of diesel-based electricity generation. It was reported that the Island had a population of 
14,500 with a peak electricity demand of 11 MW consuming 75,000 MWh of electricity per 
year. The system consists of 11 MW wind farm, 14 MW biodiesel power plant, and 3 MW of 
battery storage for power quality assurance and mitigation of wind power fluctuations. The 
biodiesel power plant has yet to go online when biodiesel production from algae starts in 
future but it was intended that wind power should contribute up to 45 per cent of the total 
electricity consumption of Bonaire. The project started in 2007 with a 330 kW test wind 
turbine to gain experience on wind power. There was already wind data for the site which 
assisted in the decision making. After one year, the test wind turbine had provided 
performance data which gave insights into how the wind farm would operate.   
Apart from hedging against the increasing diesel prices on the world market, the wind power 
and the biodiesel plant were expected to reduce electricity tariffs by between 10 and 20 per 
cent. Consequently, a partnership was developed involving a financing bank of Netherlands; 
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a wind turbine manufacturer, ENERCON; and a diesel power plant manufacturer, MAN, for 
the delivery of the project; while the local government granted a power purchase contract for 
all the energy to be generated from the system. For the long term, the project also included 
training of local staff in maintenance of the gearless turbines; and training of local people 
through school programmes in preventive and corrective maintenance of wind turbines. 
The total value for the investment cost was US$60 million; the return was expected to be 
US$15 Million from power sales per year. The capital cost was financed through a 
nonrecourse loan. Apart from the power sales, part of the investment was expected to be 
recovered from sales of carbon emission credits.  
Securing financing was mentioned as the biggest challenge that was faced by the project 
while good political support was noted as one of the success factors for the project. 
In April 2014, the power plant was reported to be reliable for availability, power quality and 
grid stability; and no significant maintenance costs were reported. 
2.3.4 Wind Farms in the Cape Verde Islands: Source [7] 
Four wind farms, one on each of the four main Islands of the Cape Verde were constructed by 
the national government initiative in order to reduce electricity generation costs, and fuel 
imports for electricity generation which contributed 20 per cent of the country‘s total import 
costs. The wind farm was also intended to hedge against the increase in electricity price 
which was at US$0.40 per kWh. The four wind farms, 25.5 MW (thirty 850 kW Vestas 
turbines) in total, were operated by a public-private partnership company: shareholders 
included the government, an international organisation supporting the development of 
renewable energy projects, and a local energy company. The total project investment which 
was expected to be recovered from energy sales was US$78 Million. The operating company 
was granted a power purchase contract; the company sold all the power to the local energy 
company which transmitted and distributed to the local networks. Since the commissioning of 
the wind farms, between April 2012 and April 2013, the wind farms had contributed 64,000 
MWh which was equivalent to 21 per cent of the electricity demand for the four Cape Verde 
Islands, and 18 per cent of the total Cape Verde electricity demand. It was reported that the 
electricity contribution from the wind farms was curtailed6F
7
 due to low demand especially at 
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night, and sometimes deliberately as a caution until the power system operators become more 
experienced in managing high wind power penetrations. It was also planned that, in future, 
the country‘s water desalination plants which consumed about 15 per cent of the country‘s 
electricity would be operated during times of high wind power generation.   
The project started with site identification and wind speed monitoring followed by 
environmental impact assessment and legal structures. The wind farms were constructed by 
Vestas, a Danish company, who also supplied the turbines. The maintenance contract for the 
first five years was awarded to Vestas Cape Verde. For the reported period, the availability of 
the wind farms was over 95 per cent. It was also indicated that for the reported period (1 year 
of operation) the wind farms had saved 22, 000 tonnes of fuel imports (US$1.8 Million). 
Besides, the offset of electricity generation from diesel generators saved 78,000 tonnes of 
carbon dioxide emission. 
2.3.5 Discussion of the Case Studies 
A number of issues can be noted from the Pangan-an project outlined in section 2.3.1. In spite 
of a number of revisions of the energy pricing structure, the adoption of the PV power supply 
could not reach saturation. From an initial adoption rate of 51 per cent, revisions of the 
pricing structures achieved a further adoption rate of 12 per cent only. Apart from any likely 
negative experiences that could be shared by the early adopters to the non-adopters, the slow 
increase in the adoption rate could be as a result of low household-purchasing-power and low 
willingness-to-pay for energy. It can also be noted that the tariff structure favoured 
households with a certain minimum energy consumption which is a discouragement to energy 
efficiency measures; some households could decide to use as much energy as they could with 
intentions of getting closer to the maximum limit for the fixed charge, even if the usage 
would be unnecessary.  
It can also be noted that the Pangan-an PV system was designed primarily to meet lighting 
needs which did not address the people‘s most important need i.e. food and cooking. This 
could be another cause of low people‘s commitment to pay for tariffs. According to 
Maslow‘s hierarchy of human needs, food which is related to cooking is among the basic 
needs and people usually need satisfaction with basic needs before they explore how to get 
satisfaction with other needs [40]. Furthermore, considering that connecting to the PV power 
supply would require capital expenditure for wiring, it is likely that some households would 
have sourced the capital finance through loans and this could potentially cause defaulting of 
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tariff payments. Additionally, there is no indication of any efforts to establish direct linkages 
of energy use for productive services that could contribute to household income generation. It 
is also observed that an economic tariff which could recover capital costs for the system 
replacement after the project lifecycle i.e. US$1.45 per kWh was reviewed downwards. This 
contradicts the principles of sustainability; and to a certain extent, this meant that it did not 
matter whether or not there would be a similar system post-decommissioning. Whereas the 
user‘s financial status compelled the decisions, a complete downward review of the economic 
tariff showed lack of commitment from the local institutions to support the system or its 
equivalent beyond the initial project cycle. Understandably, this may not mean that the PV 
system was not necessary; however, it shows the complexity of decision making under 
certain economic constraints which is not unusual in low-income economies. It is therefore, 
essential that new development programmes should be preceded by a comprehensive study of 
communities and where possible consultations with key local institutions. 
Similarly, the renewable energy systems on the Gilbert Islands outlined in section 2.3.2 raises 
a number of uncertainties for the sustainability of the systems. Firstly, like on Pangan-an, the 
solar home systems including those for schools and community halls were primarily designed 
for lighting. It is not known if the systems were meeting the pressing needs of households or 
communities which could impact on how the users would commit to pay the service fees. 
This was reflected in the school PV systems which were abandoned when the batteries failed. 
On the other hand, whereas certain systems were installed for fundamental social services e.g. 
health, community hall, school; the deployment seemed to have valued affordability more 
than needs satisfaction. There was no evidence of assessing options for achieving energy-
sufficiency for other key appliances and equipment such as fans in the community halls, 
equipment for water treatment; and the supporting mechanisms that would be required to 
implement such systems. The decision of installing PV for lighting for a community hall 
could be a sign of subjective choices and/or misconceptions about the energy needs and 
activities of communities. Most of the activities taking place in the hall as mentioned in 
section 2.3.2 were highly likely organised during the day when lighting would not be 
necessary. However, the activities would require power for public address systems and 
entertainment equipment. Thus, unless the decision was arrived at by an objective process 
involving the public, no or little attention by the local people would be given to the halls‘ PV 
systems if they failed. On the other hand, unlike on the Pangan-an, the users were not given 
any form of training for basic system maintenance. This potentially reduced the reliability or 
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availability of the systems considering that it was indicated that the systems were isolated 
from maintenance expertise. Like on the Pangan-an, the end-use of the systems was not 
linked to any income generating activities which was a threat to financing of maintenance if 
users had unsteady income sources. For example, Mala [41] reported a solar home system on 
the Island which upon failure, the household did not take any action to have the system 
repaired due to cost issues; and the family started using kerosene for lighting. It should be 
noted that it can take months or years for low-income families in low-income countries to 
save for the solar home systems (yet inadequate for their energy needs) due to limited access 
to finance. So, any early system faults present a huge economic shock which eventually puts 
off people‘s trust in the renewable energy technologies. 
Finally, the Bonaire and the Cape Verde Islands showed a business model which was based 
on partnership between investors, renewable energy systems developers, national 
governments and national companies. It can be seen that both the Bonaire and the Cape 
Verde projects were supported by the national governments based on potential opportunities 
to (a) reduce government expenditure; (b) hedge against future unsteady tariff increases; (c) 
save carbon emissions; and (d) create jobs. The business model clearly forecast a finance-
recovery or indicated savings while showing capability to finance maintenance costs.  
The above observations are not unusual and have been reported from a significant number of 
projects and by international development organisations; for example [32,36,42-51]. Some of 
the concluding statements from the RET evaluations are listed verbatim below: 
(a) „Projects must safeguard operations and maintenance. Very often 
electricity consumers cannot afford to cover the full generation costs. 
As a consequence, appropriate financing schemes which safeguard 
the long term operations are essential‟ [32]  
(b)  ‗Allow for appropriate training for the service delivery chain; 
analyse the skills needed to deliver the programme in its entirety, 
including the long term support that will be required; avoid 
donations; projects without some reasonable user/community 
financial commitment and ownership responsibility are prone to 
failure; avoid piecemeal programmes; Build-in and budget an 
appropriate maintenance regime‟ [33].  Similar lessons are reported in 
an evaluation of five projects in Malawi [50,52]. 
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(c) „Energy end-uses and services for productive purposes can expand 
opportunities for income generation. It is therefore a very powerful 
approach to meeting the energy needs of the poor and simultaneously 
increasing their incomes. However, it should not be assumed that 
productive uses will occur automatically as a result of the provision of 
energy services, especially with the expansion of electricity‟ [14]. 
Generally, it is difficult to establish whether the challenges facing renewable energy systems 
are due to technological or socioeconomic constraints. But as argued by the British 
Department for International Development (DFID) [43], ‗technology is rarely the constraint 
in most development projects; however, addressing institutional, political and social problems 
that constrain sustainable livelihoods and lack of knowledge and skills is often more 
important‘.  
Below, the sustainable livelihood approach (as was mentioned in chapter 1) is discussed for 
understanding factors that can affect operation of renewable energy systems.  
2.4 Sustainable Livelihood Approach for Renewable Energy Development 
The sustainable livelihood approach came into practice in the 1990‘s particularly for poverty 
reduction programmes in farming-based rural livelihoods in developing countries [53,54]. 
Since its adoption, Cherni et al [44,48,55] has used the sustainable livelihood approach to 
assess the role of renewable energy on rural communities. Based on the same sustainable 
livelihood approach, Cherni and other researchers at Imperial College London [48,55] 
developed a computer decision support system for identifying appropriate energy 
technologies for rural communities. In 2010, Zalengera [50,52] used the framework to assess 
the impact of renewable energy systems in Malawi; and most recently in 2014, Mattarolo 
[56] used the framework to develop an integrated monitoring and evaluation tool for an 
European Union funded renewable energy project in Malawi. The sustainable livelihood 
framework is shown in Figure 2-1.  
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Figure 2-1: The sustainable livelihood framework [21] 
Apparently, whether consciously or not the sustainable livelihood framework is applied in a 
number of national and international projects including in developed countries. Basically, the 
goal of the framework is to enhance people‘s access to livelihood assets for meeting their 
needs but ensuring that stocks of the assets are maintained. Without giving any prescriptions, 
the framework provides a way of thinking for planning development activities and/or 
assessing the contribution of development activities [21]. The key principle of the sustainable 
livelihood framework is people-centeredness i.e. aiming to address the root causes of poverty 
and deprivation of essential services to communities which sometimes the elite may disguise 
for skewing benefits towards themselves [21]. Detailed discussion of the sustainable 
livelihood framework can be read in [21,54,57-59]. The next section discusses how the 
sustainable livelihood approach can be adapted to renewable energy development with 
reference to Figure 2-1 above. 
2.4.1 The Vulnerability Context 
The vulnerability context frames the external environment in which people exist [21]. Trends 
and seasonality, stresses7 F
8
 and shocks8F
9
 are potential causes of vulnerability that could impact 
on technical and economic operation of energy systems which, if negative, could lead to 
people failing to meet essential livelihood outcomes. For example, social or traditional events 
can raise the energy demand in a particular time of the year especially in low-income 
economies where events usually take place during months of plenty food and less activities. 
Trained personnel for systems maintenance could migrate in search of better jobs thereby 
reducing community‘s human capital. Resources such as agriculture biomass could be 
                                                 
8
 Gradual build-up of adverse events such as rising debt, increasing temperature[164] 
9
 Sudden dramatic unexpected  event e.g. disease outbreak or sudden floods[164] 
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available for only certain months of the year; likewise the wind and solar resources may not 
be constant throughout the year, which could lead to mismatch between energy demand and 
generation. Additionally, national economies can face periods of low foreign exchange 
reserves which could affect importation of spare parts for system maintenance. Fuel prices on 
the world market do change making energy tariffs unstable. Sometimes, project partners can 
go bankrupt9 F
10
 which affect delivery or completion of projects. Disease outbreaks can affect 
human capital and/or increase pressure on energy systems due to increased energy demand 
for medical care. Storms could damage energy systems; and energy systems sited in political 
boundaries can be affected by political conflicts 10F
11
. Usually, a number of the vulnerability 
contexts mentioned above cannot be changed at an individual level or community level [21]; 
but with early and reliable predictions, caution could be taken to avoid potential negative 
impacts on assets and livelihood outcomes. 
2.4.2 The Livelihood Assets Pentagon 
As shown by the pentagon in Figure 2-1, livelihood assets can be categorised as financial, 
human, natural, physical or social capital. Renewable energy development converts natural 
capital into physical capital while using financial resources which can be recovered 
depending on the financing model (as was seen in section 2.3). The development and 
maintenance of renewable energy systems require human capital either directly or indirectly 
in the value chain sectors. Although the technologies are made from materials which could 
last, the stocks of the natural primary energy resources are maintained. In addition, the energy 
technologies are essential for the operations of other physical and social assets on which 
livelihood depends e.g. water supply, telecommunication, education and health services 
infrastructure.  
Essentially, detailed analysis is required to assess the potential impacts of energy 
technologies on the other assets particularly financial and social assets; and the potential for 
diffusion into communities to ensure the developed energy systems are accessible by the 
people. It should be noted that (in Figure 2-1) apart from showing the five capitals on which 
livelihood depends, the lines connecting the pentagon vertices to the centre represent the 
accessibility of the assets by the people [21]. Thus, depending on the level of people‘s access 
                                                 
10
 The Bonaire wind energy project stalled because of this and the financing bank had to take over to ensure 
completion of the project 
11
 In the energy geographies, there are discussions on how energy is used as a stick or a carrot 
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to the assets, the pentagon can be regular or irregular as will be seen in Figure 2-2 on page 
23. 
2.4.3 Transforming Structures and Processes  
Policies including their enforcement and the conduct of local institutions can hinder or enable 
availability of capital assets to communities and individual households. Basically, 
development practitioners should also be cautious that communities have their own norms 
and beliefs [21] which determine what technologies can make positive impact in a 
geographical location. For example, in a Cameroonian village, women did not like piped 
water in homes because they wanted interactions at communal boreholes, away from their 
husbands.11F
12
 
2.4.4 Livelihood Outcomes 
The aspired livelihood outcomes are crucial for determining the development interventions 
that should be undertaken in a community. The support and hence the sustainability of 
development interventions or innovations is dependent on the extent to which the intervention 
would fulfil stakeholders‘ interests. Thus, elicitation of stakeholders‘ priorities is essential in 
renewable energy development in order to leverage support that can enhance sustainability of 
energy systems. Moreover, the causality of any dissatisfaction with the existing situation 
needs to be understood [21] to ensure that previous bad experiences are addressed by new 
interventions. Livelihood outcomes feed back into the capital assets which can cause 
sustainability issues depending on whether or not the feedback is positive. For example, 
energy systems that increase people‘s income may not have high occurrences of defaulting 
payments, which can enhance financial sustainability of the energy systems. 
There are a number of approaches which can be used to apply the sustainable livelihood 
approach in renewable energy development. The most common ones are discussed in the 
following section. 
                                                 
12
  Informal discussion with Julius Tangka at the 2014 Tech4Dev Conference , Eco Polytechnique Fedelare de 
Lausanne, 4-6 June 2014, Lausanne, Switzerland 
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2.5 Methods for Applying the Sustainable Livelihood Approach in 
Renewable Energy Development   
2.5.1 Techno-economic Analysis 
This approach aims to identify energy systems by comparing cost factors subject to fulfilment 
of fundamental technical constraints. The goal is to select an energy system that can satisfy 
any specified technical constraints at the least cost. The commonly used cost indicator in 
renewable energy development is the levelised cost of energy i.e. the real cost that, if 
recovered from consumers, would pay for the lifecycle costs of the technology [60]. This 
entails predicting the costs of an investment over the system lifecycle, which is then divided 
by the total energy the system is expected to generate over the lifecycle (assuming the 
generated energy will be demanded, section 4.2 clarifies this). It can be envisaged that the 
least cost technology option has potential to save financial assets for both the prospective 
investor and consumers. Usually, simulation techniques are used for sizing the components of 
the potential energy system; and for predicting the performance and expected energy output. 
The discounted cash flow analysis is used to calculate the investment costs [61-63]. Other 
cost factors include the carbon abatement cost, internal rate of return on investment [64], and 
the net present value of an investment [63].  
2.5.2 Multi-criteria Analysis  
The multi-criteria analysis (MCA) identifies an energy system option by evaluating its 
performance against a number of qualitative and/or quantitative factors elicited from 
stakeholders or based on conservative criteria-identification by a decision maker. The 
fundamentals of MCA can be read in [60,65]. In summary, MCA is based on either value 
measurement (VM); goal, aspiration and reference (GAR), or outranking (OR) models [65].   
In value-measurement MCA, the criteria for assessment are chosen by either an individual 
decision maker or through participatory methods involving key stakeholders. A scale of 
measurement and weighting for each criterion is then developed. Through expert assessment, 
each (potential) energy system is given a score for each criterion; the total score for each 
energy option is calculated using:  
 
 
 2-1 
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Where  is the total score for energy option ;  is the weighting of criterion ; and 
is partial score of energy option  against criterion  [65] . The energy option which has 
the highest value of  is selected for implementation. A more rigorous value-measurement 
MCA is the analytical hierarchy process (AHP) [66,67]; albeit it is developed independent of 
the former approach [65]. In AHP, when the criteria are defined, weights are derived from an 
eigenvector of the square of the matrix formulated using pair-wise comparison-ranking 
between criteria in each hierarchy. Likewise, the prioritisation of each option is derived from 
an eigenvector of the square of the matrix formulated using pair-wise comparison-ranking 
between the options on each criterion. The final prioritisation of the option is calculated by 
adding the associated elements of the eigenvector on each criterion multiplied by the criteria 
weighting. Like in the former VM model, the option with the highest score is selected for 
implementation. An example calculation of a less complex decision making using AHP can 
be found in [66,67]. 
In GAR MCA, an option is assessed based on how it can change the existing situation to an 
aspired goal. Thus, a number of criteria qualifying a goal are chosen; and the maximum 
possible index values that could be achieved by an option on each criterion are calculated. In 
the simplest form, the desirable option is the one with the minimum sum of absolute 
deviations from the goal-value on each criterion i.e.  
 
 
 2-2 
Where,  is the weight and  is the deviation of criterion [65]. An advanced version of the 
GAR involves minimising the maximum deviational sum by including an attribute that 
measures the penalty for larger deviations [65]. An example of a GAR MCA is the 
Sustainable Rural Energy Decision Support Software (SUREDSS) [55] developed by 
environmental researchers at Imperial College. As indicated by Cherni et al [55], SUREDSS 
assesses an option based on potential impacts on the five livelihood assets by calculating the 
performance indices based on attributes comprising each capital asset and the scale of effects 
that an energy option could make on the assets based on the  asset attributes it can impact on. 
The impact of the energy options is presented graphically in the form of assets‘ pentagons; 
thus, enabling the decision maker to visualise the compromise that would be made by 
selecting any particular energy option, see Figure 2-2.    
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Figure 2-2: Example of a SURE-DSS MCA for energy options [55] 
In Figure 2-2, the best energy option would be the one which produces the impact pentagon 
that is close to the outermost ideal pentagon. However, the key stakeholders can choose a 
solution which represents their best compromise.  
Lastly, in outranking MCA, the alternative energy options are compared pairwise on selected 
criteria. The results are aggregated to show the extent to which the options outrank each other 
by indicating the preference index between 0 and 1 for each option based on the importance 
or weighting of the criteria [65]. The higher is the index, the higher the preference of an 
option. PROMETHEE and ELECTRE are among the commonly applied outranking 
computer decision-making software tools [60]. Given a set of criteria, weighting of the 
criteria, and the relative ranking of the alternative options against each criterion; both 
PROMETHEE and ELECTRE calculate the preference indices of each alternative option for 
each criteria. This is followed by calculation of differences between indices for the same 
criterion for any pairs of the alternative options under evaluation. Consequently, each 
alternative option has positive and/or negative performance indices depending on whether or 
not the option has outranked any other option on any of the criteria. These are then averaged 
to find the final net preference index for each option which is used to rank the 
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appropriateness of the options. The decision algorithms and examples of applications of 
PROMETHEE and ELECTRE can be read in [68] and [69] respectively.  
In general, MCA can be applied for assessing technology acceptability, hence determining 
anticipated project support from key stakeholders. Moreover, MCA can highlight the 
compromise associated with each alternative technology thereby allowing decision makers to 
make an informed choice. It is essential that the right criteria are used for assessing 
appropriateness of energy systems. Table 2-1 presents essential attributes that can warrant the 
sustainability of technologies particularly for low income-economies.  
Table 2-1: Attributes of appropriate technology in developing countries  [70-72] 
Simplicity  
Affordability and financial viability   
Ability to guarantee comfortable life  
Ability to save human energy and time 
Ability to increase income 
Ease of maintenance and long time between repairs 
Ease of transfer of knowledge and skills 
Ready availability of local champion to continue after implementation  
High capacity to meet needs 
Social equitability  
Cultural acceptability  
Support from government policy 
Environmental benefit 
Ready supply of materials and spare parts 
Low resource consumption e.g. water  
The attributes presented in Table 2-1 can have multi-causal effects. For example, a simple 
technology is highly likely to be easy to maintain and have higher easiness of transfer of 
skills to local people. A technology that can achieve high social equitability is highly likely to 
be more culturally acceptable. However, developers and practitioners should expect different 
social groups to perceive technologies differently. For example, women (in developing 
countries) could easily accept and support a technology that can reduce the time constraints 
and the drudgery which they experience when travelling long distances in search of fuel 
wood and water; whereas men, who are the main players in systems maintenance, would 
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want the technology to be easy to maintain and having long times between failures. Thus 
trade-offs between the attributes of a technology should be analysed with deep understanding 
of communities; and weighting of the attributes should be applied cautiously. 
2.5.3 Which Sustainable Livelihood Approach Method is Better? 
Both techno-economic analysis and MCA are essential for development of sustainable energy 
solutions. A least cost energy option identified by techno-economic modelling might not be 
generally acceptable. However, apart from preference indices and compromise associated 
with technologies, a decision maker would be interested in a comprehensive schedule of 
resources required for implementing each alternative option. Thus, a techno-economic 
examination of a potential solution for an existing poor condition would be essential for 
decision making just like an MCA of validated alternative energy system solutions. The 
prevailing applications of MCA, as published in [55,60,68,69,73,74], show that findings of a 
techno-economic analysis are essential for MCA approaches. Therefore, it can be argued that 
unless validated techno-economic performance of potential energy systems can be elicited 
from experts, the results of an MCA would be intangible. Furthermore, it should never be 
overlooked that the views of economists generally dominate when assessing conditions and 
deciding action [75]; therefore solutions should be optimised for cost.  
The above discourse can be summarised by the theory of diffusion of innovations which is 
discussed next. 
2.6 The Theory of Diffusion of Innovations  
„Innovation is an idea, object or practice that is perceived as new to an individual; and 
diffusion is a process by which an innovation is communicated through channel over time 
among members of a social system‟ [76]. 
Underpinning the diffusion of innovation is how messages about a new idea, practice or 
object get across a society based on the following five elements [22,76,77]: 
(a) The relative advantages measured in economic terms, social prestige, 
convenience and satisfaction; 
(b) Compatibility with existing values, past experiences and needs of potential 
adopters; 
(c) Complexity of understanding and use; 
(d) Trialability or possible experimentation; and  
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(e) Observability measured by the extent of visibility of results of the innovation. 
Within the social system, the five elements listed above are evaluated through peer 
discussions among members of a society which could include users and potential users. The 
greater the relative advantages, compatibility, trialability, observability, and the lesser the 
complexity; the higher the rate of adoption of the innovation [22,78]. 
Whether or not the national or international policy is supportive to any new development, 
unsatisfactory performance and uncompetitive costs can reduce the relative advantages; 
which, sometimes, can weaken the support from policy makers and thus leading to slow 
adoption and diffusion of technologies. In summary, the theory of diffusion of innovation 
argues that for a technology to be adopted it should be perceived better than its predecessor or 
its contemporaries by the potential users. Moreover, it should be noted that institutions or 
individuals are likely to support programmes which would positively impact services with 
which they are less satisfied. Therefore, apart from the importance of services or criteria, 
perceptions of end-users satisfaction with existing services should be elicited for analysing 
potential commitment for development programmes. Programmes that will impact on 
services that are already satisfied are likely to face high local inertia for commitment of 
support. According to the law of diminishing marginal returns, and as observed by Saaty [66] 
and Golub [79], the first two points of improvement from a poor state of service could be 
more valuable to people that the two points of improvement from an average service-
satisfaction state. 
Given the above discussion, the next section discusses the factors that could lead to 
sustainability of renewable energy systems. 
2.7 Essential Considerations for Renewable Energy Development in Low-
income Countries 
2.7.1 Technology Adaptability 
As argued by Mala [41], one of the main concerns of any technological innovation for 
livelihoods should be the extent to which the technology is able to meet the contextual 
requirements. However, energy technologies, especially in developing countries, are installed 
without comprehensive understanding of the services for which the energy is needed and 
without an objective assessment of available options [80,81]. It also occurs that the selected 
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technologies are not properly aligned with the users‘ priorities. For example, it was observed 
in [5] that out of eighteen island communities where renewable energy systems were 
deployed, only five had evidence of applying a validated methodology for understanding the 
needs of the community or predicting the expected performance of potential energy systems. 
In North Eastern Zambia, and Kwazulu Natal in South Africa 50 Wp solar PV systems were 
installed [31,46] because of placing emphasis on affordability leading to compromises in 
adequacy and quality of the energy systems. As argued by Lindner [82], sustainable approach 
for renewable energy-systems dissemination cannot be achieved by increasing affordability 
through development of cheaper products; but by fostering income-generating activities, 
which can enhance low-income communities to pay for good quality systems that have the 
capability to meet people‘s energy needs. If installed systems provide inadequate energy, 
institutions and households are forced into parallel spending on supplementary energy 
sources. This raises the energy expenditure further contrary to the need for delivery of social 
improvements which require making energy services more affordable to low-income 
communities [33]. Frequently, technologies for lighting are promoted (see for example 
[35,38,39,46,50,83,84] leaving a huge energy demand for cooking and heating to be met from 
traditional fuels. Thus, the capability of renewable energy systems to meet the energy 
requirements of users is still questioned. 
Moreover, a number of systems, not only in renewable energy development, are driven by 
technology-push approaches i.e. business strategy whereby a product is forced through the 
market without proper consideration of whether or not the product satisfies a user-need [26]. 
Technology-push approaches are usually limited by the subjective choices of developers or 
policy makers. As a consequence systems fail earlier than it was envisaged due to lack of 
long-term durability and contextualisation that users need [48,51,85]. For example, Alam et 
al [51] reported a failure of 50 per cent of the 4,664 biogas plants in Bangladesh because of 
the technology-push approach [86]. It is, therefore, important that technologies solve the real 
problems of communities to ensure the needed local commitment for systems sustainability. 
2.7.2 Financing Mechanisms and Cost Recovery 
Four commonly applied financing mechanisms for decentralised renewable energy systems 
are shown in Figure 2-3.  
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Figure 2-3: Common financing mechanisms for decentralised renewable energy systems12F
13
 
[33,46,52] 
The high capital costs of renewable energy technologies make the direct cash model, 
Figure 2-3(a), inappropriate for low-income communities. The credit model, Figure 2-3(c),  is 
generally a favourable financing model for low-income communities; however poor 
communication infrastructure makes it difficult for microfinance institutions and banks to 
reach remote communities leading either to lack of microfinance institutions in the remote 
areas or higher interest rates. The fee-for-service model in Figure 2-3(b) allows communities 
to use renewable energy systems with full access to trained personnel who can monitor and 
repair the energy systems. But the tariff may be dependent on the number of customers 
serviced by the company [38,46]: Tariff for fee–for–service model is usually calculated using: 
 
 
 2-3 
Where T is the monthly tariff, C is the capital cost, OC is the operational cost over the system 
lifetime, P is the profit margin and N is the number of customers. Thus, the financing model 
could result in higher fees being charged disproportionate to the income earned by low-
                                                 
13
 feed-in tariffs can be used with any of the models as long as the systems are grid connected   
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income communities. Usually low-income people (in developing countries) spend a 
significant proportion of their income on energy than the relatively high-income people; with 
the monthly energy expenditure reaching up to 25 per cent of their monthly income [43], [71]. 
Generally, financing mechanisms should aim to reduce the proportion of income spent on 
energy services by the low-income communities. Another version of the fee for service model 
is whereby a dealer invests in an energy kiosk where people can charge solar lanterns, 
batteries, cell phones; buy ice blocks or watch television on screens [87]. Although success 
stories have been reported for the latter fee for service model, the disadvantage is that it 
offers limited opportunities to users. For example, people cannot use the energy kiosks for 
cooking. Moreover, the energy kiosks can cause security threats when television programmes 
have to be watched at night. This can also exclude some social groups e.g. the elderly and 
children; rendering the model socially inequitable. The energy kiosk model also offers 
limited opportunities to address the drudgery of walking long distances experienced by users 
of traditional energy sources. The philanthropic model described in Figure 2-3(d) could 
promote diffusion of renewable energy technologies and improvements in access to modern 
energy without increasing financial burden on poor communities, but the approach fails to 
instil a sense of ownership to systems users [33,52]. Moreover, instead of empowering the 
low-income communities towards self-reliance the approach promotes dependence on 
donations thereby rendering the model financially unsustainable [52].  
Another financing mechanism for renewable energy systems in low-income communities is 
discussed by Zalengera [83]. The approach combines philanthropic donations with 
enterprising to establish a revolving fund. Figure 2-4 presents a summary of the financing 
model. The financing mechanism in Figure 2-4 was used for dissemination of solar lanterns 
and mini-PV systems in a low-income village, Zatuba, in Malawi. The repayment plan was 
on a monthly basis and the instalment was calculated based on the average monthly 
expenditure on kerosene for lighting by households per kerosene lamp which was determined 
from the project baseline survey. In addition, households were given business enterprise and 
management training and people could access funding from the community bank if they came 
up with a feasible business idea. Based on the latter approach, it can be seen that holistic 
measures are essential for making renewable energy technologies sustainable in low income 
communities.  
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Figure 2-4: Microfinacing coupled with RET funding [83] 
Financing mechanisms determine the management of the energy systems which is also 
crucial for the energy-systems‘ sustainability. In the following section common management 
systems for decentralised renewable energy systems including their advantages and 
disadvantages are discussed. 
 2.7.3 Management System 
The type of management that should be adopted for a decentralised energy system is 
determined by the financing model. For example, if a cash-sales or hire purchase model is 
used, the systems management automatically becomes the responsibility of the end-user. 
Where the fee for service model is adopted, the energy systems management becomes the 
responsibility of the energy system developer. A philanthropic model is usually applied for 
community projects and consequently leads to systems management being transferred to 
either a village development committee or cooperative society usually termed as community-
based management. Rolland [9] discussed four common management approaches for mini-
grids; namely, community-based model, private sector-based model, utility-based model, and 
a hybrid model which can combine any of the aforementioned three approaches. As discussed 
by Rolland [9]: 
(a) A community-based model occurs in isolated areas that have no attraction to private 
sector or utilities. This leads to the community becoming the owner and operator of 
the system; 
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(b) A private sector model usually occurs if a programme has economic logic either 
through government subsidies or otherwise; and 
(c) A utility-based model usually occurs due to political agenda; if, for example, political 
leaders consider full access to electricity or energy as a political mission. 
In general, there are mixed thoughts about the management of decentralised renewable 
energy systems in low-income communities and there is no consensus on the best 
management strategy.  
The major strength of community-based models is that the owners and managers are also the 
consumers which could lead to high interest in quality of service [9]. Community based 
models could enhance self-sufficiency, and efficiency; generate operations, maintenance and 
management jobs to local people; and could lead to flexible tariffs [9]. On the other hand, 
community-based models are faced with shortage of technical expertise for system 
maintenance and the skills to determine sustainable tariff plan. Moreover, communities have 
limited financial resources. Due to empathy of managing members community-managed 
systems can face high rates of defaulting, see for example [38]. Sometimes, community-
based models could be affected by issues which may be perceived more pressing and 
important than the energy services at local level. As indicated by Rolland [9] based on 
experiences from Morocco, this could lead to diversion of funds which were meant for 
system maintenance to other community needs. Also, for community-based management 
strategy to succeed it requires a great effort and time on community mobilisation and 
awareness which is conducted with transparency by the project developers and the 
management personnel. Gupta [37] acknowledged that sometimes the community 
mobilisation could take up to two years which might be a loss of time for the usually time-
specific projects.  
Private sector-based models can be more efficient where there is potential for profits. Usually 
private companies have good level of technical expertise for maintenance but it sometimes 
happens that maintenance personnel reside hundreds of kilometres from the energy systems. 
It may also happen that the technical personnel rely on public transport which could lead to 
more delays in the technical support services (see for example [38,50,88]. The isolation of 
systems from technical expertise could also lead to significant administrative overheads 
contributing to higher total fees paid by users.  
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Utility-based models have the advantage of being run by experienced companies (usually 
public based) which can benefit from better access to financing institutions [9]. The main 
disadvantage of utility-based models is that they could be influenced by short term political 
agenda and priorities.  
Finally, hybrid models, if properly planned, can leverage the advantages of each of the model 
discussed above. For example, a utility company could implement a project and contract 
system maintenance to a private company leading to relatively easy capital financing; and 
improved maintenance services due to reduced bureaucracy which is usually associated with 
utility companies due to their public nature, especially in developing countries.  
2.7.4 Capacity Building for System Maintenance   
Unlike with centralised energy systems, decentralised energy systems should not be deployed 
as a black box to end-users. Reports [36-38,44,46,51,52] show that lack of maintenance 
training for local users by RET projects contributes to underperformance of systems. For 
example a study of thirty-five community-based renewable energy projects in Latin America 
[48] indicated that: 
 ‗…One primary factor for limited outcomes has been the short-life span of the 
technology that resulted as a consequence of the barriers that users encounter in rural 
remote areas. A significant barrier has been the lack of technical capability of local 
users to maintain modern equipment…‟ [48]. 
However, trainees should be identified cautiously and they should be properly rewarded for 
their job. The risk is that the RET maintenance training can enhance people‘s employability 
such that if the trained personnel do not have strong ties to their communities and/or if they 
are not properly rewarded, the trained personnel could move to other areas for better 
prospects thereby undermining the goal of the training.  
2.7.5 Linkage of Energy Systems to Income Generating Activities  
There is a general consensus that linking renewable energy systems to business enterprises is 
essential for sustainability; yet the majority of renewable energy systems in developing 
countries have no direct application to income generating activities for the consumers [82]. 
The gasifier-based silk reeling in India [37]; and the agro-processing centre in Malawi [50] 
are some of the good examples of renewable energy systems demonstrating synergy with 
business enterprise. Linking renewable energy systems to business enterprises could mitigate 
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uncertainties related to financing of system maintenance. However, starting a business 
enterprise needs access to capital which is not included in the majority of renewable energy 
projects. Whilst RETs offer the opportunity to increase people‘s income by, for example, 
increasing productive time and business hours [41,50,52], potential profitable business 
enterprises and interest by community members to run the business enterprises should be 
identified. This requires detailed study of communities to determine business enterprises 
which can build long term synergy with renewable energy technologies. Business enterprises 
such as cell-phone charging [89] may be short term in communities with grid access as the 
customer base would decrease as households get individualised access to grid services. 
2.7.6 Culture  
Contrary to the views that culture and tradition inhibit entrepreneurship and constrain 
development intervention [90], cultural acceptability is identified as one of the elements of 
appropriate technology [51,71,71,72]. Although people may be required to change behaviours 
to suit the operations of new technologies; culture and traditions can still dictate the choice 
and design of technology. For example, in Bangladesh, family-size reflector type solar 
cookers failed to sell because people preferred large solar cookers for community kitchens on 
reasons that could be termed as social prestige and modernism [51]. And Owen et al [91] and 
Zalengera et al [13] observed that solar cookers may not be appropriate for the cooking of 
Malawi‘s staple food. Additionally, the conduct of communal ceremonies such as weddings 
and funeral ceremonies by different cultures can dictate what type or how energy 
technologies should be delivered to a particular society.  
Also, renewable energy developers should note that traditional energy technologies offer 
secondary services which can affect the adoption of alternative technologies that only meet 
the primary functions.  For example, Bosch cook stoves which were intended to address 
indoor air pollution in an Asian community were abandoned because the clean kitchens 
became infested by insects which were previously deterred by the indoor smoke/soot from 
the traditional cooking technologies [92]. And in other cultures; for example in Malawi, 
people like to roast green maize and sweet potatoes on traditional fire places needless to 
mention that other people prefer food prepared on traditional energy technologies to food 
prepared on modern energy technologies.  
Besides the above factors, quality assurance of system components and workmanship is 
essential. Empirical evidence, for example in Philippines [38], Tanzania [93] and Zambia 
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[46]  uncovered technical issues which significantly affected systems operations due to use of 
poor quality components. 
2.8 Chapter Summary 
Empirical evidence shows that renewable energy systems can make positive impacts on 
sustainable livelihoods. However, the socioeconomic factors of communities play a greater 
role on the energy systems sustainability especially in low-income countries. On the one 
hand, the review has highlighted major challenges of technology-centred approach whereby 
renewable energy systems are promoted without understanding the requirements of potential 
users and their prevailing socioeconomic conditions. On the other hand, sustainability of 
renewable energy systems has been achieved through support of local institutions. In order to 
address the livelihood issues of low-income communities; reliable data relating to energy 
demand, available energy resources, people‘s purchasing power, and linkages of energy 
systems to income generation or savings are essential. The successful case studies have 
shown that in order to leverage support from local institutions, proposed energy solutions 
should be financially viable within the operating financial resources of existing energy 
systems. A range of methods covering techno-economic and multi-criteria approaches for 
investigating the appropriateness of energy systems and their potential contribution to 
sustainable livelihoods have been discussed. Given the challenges faced by renewable energy 
systems presented in the review, and the need to increase hours of electricity services on 
Likoma Island, the research collected empirical data from households and institutions and 
undertook a techno-economic approach to investigate the feasibility of photovoltaic and wind 
based energy systems which can address the energy and livelihood requirements of Likoma 
Island.  
Therefore, the next chapter discusses the theory and practice of methodology for eliciting 
energy needs, energy demand, and socioeconomic data from human participants. Chapter 4 
follows and discusses the methodology relating to the techno-economic investigation of the 
photovoltaic and wind based energy systems relative to the existing diesel generators on 
Likoma Island.  
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Chapter 3 : Methodology for Collection of Energy Needs and 
Socioeconomic Data  
3.1 Introduction 
Assessment of energy needs and demand for which an energy system would be used is a 
crucial element for a feasibility study of decentralised energy systems. Due to the 
unavailability of socioeconomic data from local institutions; lack of electricity demand 
profile for longer periods than 14-hours because of the existing generation schedule, primary 
data was collected from households and institutions. The data included energy needs, 
electrical appliances and equipment used by households and institutions, energy sources, 
prioritisation of energy services; household purchasing power for energy; and social practices 
that can influence energy consumption. Therefore, this chapter discusses the theory and 
application of research methods relating to the collection and analysis of socioeconomic data 
from human participants, generally falling under the social sciences discipline. Thus, in 
section 3.2, an overview of research methods for collecting data from human participants is 
provided. The section highlights essential characteristics of quantitative and qualitative 
research methods; their main tools for data collection and analyses; and techniques for 
selecting subjects or participants from whom data can be collected (sampling). Section 3.3 
describes the practice of the methods for collecting and analysing the socioeconomic data for 
Likoma Island. The chapter summary is presented in section 3.4 
3.2 An Overview of Research Methods  
Research methods are classified as quantitative or qualitative; each one requiring data of 
different characteristics; and different techniques for data collection and analysis [94].  
3.2.1 Quantitative Methods  
Quantitative methods aim to appraise data by counting and assessing numbers [94-96]. This 
has particular utility when firm answers are required to research questions [95]. The 
underlying philosophical assumption of quantitative research is that reality is composed of 
unambiguous facts which can be measured [97]. Quantitative methods are widely used for 
measurement of variables to determine the truth or falsehood of predetermined hypotheses 
[97]. For example, measurements could be taken to validate if the dimensions of cuboid 
bricks supplied by a brick-making company adhere to the required standard size of 215 mm 
by 102.5 mm by 65 mm in length, width and height respectively [98]; or households may be 
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asked the amount of money they spend per month on different household items in order to 
describe patterns of expenditure or associations between selected expenditures. The main 
tools for collecting quantitative data include observations (which may involve taking 
measurements); use of questionnaires and structured interviews; and use of secondary data 
such as government reports [94,95] or online databases. Meetings can also generate 
quantitative data.  
Quantitative data is classified into four levels of measurement, viz. nominal, ordinal, interval 
and ratio [94,99-101]. Nominal measurement divides data into separate categories or groups 
[94,100,101] e.g. renewable energy technologies used by industries in Malawi or in the 
United Kingdom such as photovoltaic or wind turbines. With nominal measurement, numeric 
codes can be assigned to data categories e.g. 1 to represent photovoltaic and 2 to represent 
wind turbines; but the size and order of the numeric codes is not important.  
Ordinal measurement is applied to data which can be ordered in rank [94]. Whereas the order 
shows the relative superiority of characteristics of subjects, the difference between any two 
pairs of consecutive values may not always be the same [94]. For example, in an examination, 
a student who is rated 1
st
 would be superior to a student rated 2
nd
 who in turn would be 
superior to a student rated 3
rd
; but the difference between 1
st
 and 2
nd
 might not be the same as 
the difference between 2
nd
 and 3
rd
 in terms of academic achievement [94,99].  
Nominal or ordinal data which exist in two groups e.g. male/female, yes/no, low/high, is 
known as dichotomous data [100].  
Interval and ratio measurement applies to data which can be ordered and the difference 
between any two consecutive numbers is the same, and has tangible meaning. The only 
difference between the two is that interval measurement has an arbitrary zero whereas ratio 
measurement has a true zero i.e. zero means the absence of a quantity [94,99,100]. For 
example, distance and time are ratio measurements whereas temperature, because zero may 
not mean absence of heat, is an interval measurement [94,99]. Interval and ratio measurement 
are also called normal or scale measurements [100]. Ordinal data with 5 or more ordered 
categories can also be categorised as normal or scale data provided it has an approximately 
statistically normal distribution [94,100].  
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Measurement levels can be either discrete i.e. only certain values can exist, for example 
number of rooms in a house can only be in whole numbers; or continuous i.e. measurement 
can take any value in a continuum, for example, time taken to complete a task [99,102,103].   
Techniques of data analysis for quantitative research methods include: measuring the central 
tendency; measuring variability or spread; testing correlation or associations and differences 
[94-96,100]. Mode (measurement value that occurs most often [96]) , arithmetic mean, and  
median (midpoint of measurement values [96] are measures of central tendency. Standard 
deviation, range, cross-tabulation and frequency distribution can be used to measure the 
variability or spread of measurement values [95,96]. Tests for correlation or association, and 
differences between measured variables are classified as parametric or non-parametric 
[94,99,100,102,103].  Parametric tests are usually applied to data with a normal distribution 
[94,100,102] and meet certain assumptions such as those stated in [100] (p. 27). Examples of 
parametric tests include t-test, analysis of variance (ANOVA), Pearson correlation, multiple 
regression, generalised linear models, and linear mixed models [99,100,102,103]. Non-
parametric tests are applied to nominal and ordinal data; and ratio and scale data which is not 
normally-distributed [94,99,100,102]. Examples of non-parametric tests include Chi-square, 
Mann-Whitney U, Spearman rho, Kruskall Wallis, Kendall Tau, Wilcoxon signed-rank, 
logistic regression, Friedman, McNemar, Cochran Q, Phi, and Cramer‘s V test [100,102].  
Measures of central tendency and variability, and test for association or difference, can be 
applied in combination with confidence intervals [99] and significance testing [99] in order to 
make inferences about variables of all subjects from which or whom the measured variables 
were collected [99,102,103].  
Table 3-1 and Figure 3-1 present the guidelines for making choices of appropriate analyses 
for quantitative data. 
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Table 3-1: Quantitative analyses that can be applied to levels of measurement [100] 
Nominal Dichotomous Ordinal Normal 
Statistic metric     
Measures of central tendency 
Mean 
Median 
Mode 
    
No
a 
Ok
b 
Of ranks, Ok Yes
c 
No Ok = mode Yes Ok 
Yes Yes Ok Ok 
Measures of variability or 
spread 
Range 
Standard deviation 
Frequency distribution 
Cross-tabulation 
 
No Always 1 Yes Yes 
No No Of ranks, Ok Yes 
Yes Yes Yes Ok
 
Yes  Yes  Yes  Yes  
a
 No means not appropriate at this level of measurement.  
 b Ok means Ok to use, but not the best choice at this level of measurement.  
c Yes means a good choice with this level of measurement 
 
 
In specific terms, frequency distribution and cross-tabulation in Table 3-1 are ways of 
presenting data [95,96,99,103]; however their use gives insights into variability and spread of 
data values. For example, by using frequency distribution it is possible to know which 
percentage (or how many) of measurements fall below or above certain values. With cross-
tabulation, it is possible to gain impressions at a glance, for example, of how many 
male/female students score above or below a certain mark in an exam. Therefore, in this 
context, these two are presented as analyses for measuring variability or spread. 
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Two variables?
All variables nominal?
Number of categories 
of independent 
variable?
Use CHI-SQUARE 
to compare counts 
between isamples 
or groups
Use PHI or 
CRAMER‘S V to 
test association of 
counts of variables 
for the same or 
related subjects
No (more than two)
yes
2 or 3
No
Number of categories of 
independent variable?
Use INDEPENDENT 
SAMPLES t TEST or 
ONE-WAY ANOVA to 
compare means between  
samples or groups
Use PEARSON (r) or 
BIVARIATE 
REGRESSION to test 
association of scores for 
the same or related 
subjects
Use MANN-WHITNEY 
to compare means 
between samples or 
groups
Use KENDALL TAU or 
SPEARMAN (RHO) to 
test association of two 
variables for the same or 
related subjects
Approximately normal/scale and 
normality assumptions not markedly 
violated 
Yes
Clearly ordinal  or normality 
assumptions not markedly violated 
2
Type of dependent variable?
Number of dependent 
variables?
One considered at a time
Two or more considered at a 
time
Use MONAVA
Use ONE-WAY ANOVA 
if dependent variable is 
normal/scale data 
(normality assumptions 
holding) to compare 
means between samples or 
groups
Use KRUSKAL-
WALLIS, if dependent 
variable is ordinal and or 
normality assumptions are 
violated, to compare 
means  between samples 
or groups
3 or more
Dependent variable normal/scale?
No
Yes
Use Log Linear;   
Generalised Models to 
compare counts between 
groups
Use DISCRIMANT 
ANALYSIS, if all 
independent variables are 
normal/scale, to test 
association of variables
Use LOGISTIC 
REGRESSION to test 
association one 
independent variable is not 
normal
Use GLM, Factorial 
ANOVA or ANCOVA if 
the independent variables 
are nominal or have a few 
ordered levels
Use MULTIPLE 
REGRESSION, if all 
independent variables are 
normal/scale ( or some 
normal some or all 
dichotomous OR use 
GLM is some or all 
independent variables are 
nominal) to test 
associations     
 
Figure 3-1: Selection of appropriate inferential comparison and associational statistic test for quantitative data, adapted from  [100,101]
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3.2.2 Qualitative Methods 
Qualitative methods aim to understand the world through interacting with, empathising 
with and interpreting the actions and perceptions of its actors [95]. Qualitative methods 
can be used to explore the nature and causes of individual behaviour; thus they can explain 
the meaning of people‘s worlds [95]. For example, qualitative research could be useful to 
understand why in a particular forest more trees are cut down in June than in December; or 
why residents of a certain high flood-risk village refuse their government‘s intentions to 
move them to a low flood-risk area. Whereas quantitative methods condense data into 
figures to view the big picture, qualitative methods can enhance the quantitative data to 
give insights into key aspects of cases [104]. The main tools for collecting qualitative data 
include: semi-structured and unstructured questionnaires; focus groups; documentaries 
such as films, photographs, recorded and/or oral histories; and observations of processes, 
and relationships of objects or people [95,96,96,97,105]. Data analysis techniques in 
qualitative methods include: discourse analysis; argumentation analysis; and content 
analysis [94,105]. Due to the relevance of the qualitative analyses to this work, explanation 
is only given for content analysis. Content analysis is a quantitative approach of analysing 
text data: the text data is reviewed to count the frequency of phenomena; these could be 
coded and analysed statistically [94,105]. 
3.2.3 Quantitative versus Qualitative - Which Method is Better? 
The traditional disciplinary divide tends to locate quantitative and qualitative methods in 
different worlds [95]. However, as Scheyvens [95] noted, it is an error to treat the two 
research methods as incompatible or treat one method as inferior to another. Depending on 
the relevance to research questions, numbers or statistics is as important as telling stories 
[95,97]. Numbers or statistics alone cannot communicate the meaning which qualitative 
methods uncover [95]; conversely, texts or stories alone cannot guarantee the reliability 
which numbers provide. Details of relative strengths and weaknesses of qualitative and 
quantitative methods can be read in [94-97,105,106]. In general, disciplinary boundaries 
for methodologies can be crossed especially in interdisciplinary research. Whilst 
quantitative data is useful to discover generalizable phenomena, qualitative data can 
provide richer and thick descriptions of the observed phenomena [107]. Given the nature 
of the research objectives in this work, both qualitative and quantitative methods were 
adopted.  
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The next section discusses the methodological theory for sampling i.e. selection of 
respondents from whom data should be collected. 
3.2.4 Sampling   
Due to funding and time limitations usually faced with research work, it is rare to collect 
data from every potential respondent. Nonetheless, it is essential that collected data is 
appropriate, adequate and representative of the entire population in which the research is 
interested [99], especially if findings would be generalised. Two crucial decisions are 
therefore common in any survey research: how to select respondents, and how many 
respondents should be selected [97,99]. The number of respondents (sample size) and the 
characteristics of the respondents (sample representativeness of all the elements under 
study) including the method of data collection determines the validity – truth or reality of 
findings; and reliability - confidence and reproducibility of findings [96,99].  
Sampling methods are classified as probability methods e.g. simple random sampling, 
systematic random sampling, stratified random sampling, cluster random sampling, 
random walk; or non-probability methods e.g. quota sampling, purposive or judgemental 
sampling, snowball sampling, and convenience sampling [94,96,99]. There is extensive 
literature about the sampling methods including their advantages and disadvantages, for 
example, in [94-97,99,108]. The major difference between the two classes of sampling is 
that probability sampling methods reduce bias by minimising the influence of the 
researcher on the selection of respondents whereas non-probability methods give more 
freedom to the researcher to make judgements about who should be selected thereby 
increasing bias.  
Optimal sample size is required to achieve low and acceptable error rate for population 
inference statistics. Curwin [99] and Bartlett et al [109] discussed formulae for sample 
sizing i.e. for a random sample, the size could be determined using 
   3-1 
where n is the sample size, z is the value from the distribution tables relating to the  
confidence interval for the inferential statistics, s is the sample standard deviation, and e is 
the allowable or acceptable error-rate for the results. As Curwin [99] and Bartlett et al [109] 
pointed out, the challenge of using equation 3-1 and any other sample-size formula is that 
it requires an estimate of the standard deviation. Usually, at the time of determining 
sample size, there would be no knowledge about the standard deviation [109]. In certain 
cases, the standard deviation for calculating the sample size may be taken from previous 
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surveys; can be estimated from results of a pilot study; or by a two-stage sampling 
whereby the results from the first sample can be used to determine the number of 
additional observations required based on the standard deviation from the first sample 
[110]. But, sometimes, there is no previous similar study from which a new research can 
estimate the standard deviation. Furthermore, determining standard deviation from pilot 
studies or two-stage sampling depends on the amount of time that is available for the 
research. Undertaking detailed analysis of each key variable to estimate the standard 
deviations for recalculating sample size could cause time and financial constraint for a 
research project. In order to address these challenges, a logical method for estimating an 
inclusive range of standard deviations for categorical and continuous data was discussed 
by Bartlett et al [109]. By making use of the method and the Cochran‘s formula for 
sample-size calculation [110], Bartlett et al [109] produced a sample size table for different 
population sizes of up to 10,000 based on two error margins, 3 per cent and 5 per cent; and 
three levels of confidence-interval, 90 per cent, 95 per cent and 99 per cent. The Bartlett‘s 
table is attached in appendix A3.1 for use in this work as will be explained in section 3.3.3. 
The next section discusses techniques for data collection from human participants. 
3.2.5 Techniques for Data Collection 
Figure 3-2 presents approaches for collecting data from human participants. 
 
Interviewer 
administered 
 
 
Self-administered
 
 
Miscellaneous 
 
 
Face-to-face 
interview
 
 
ICT based  interviews 
e.g. telephone, Skype
 
 
Focus 
groups
 
 
Observations
 
 
Online or 
email
 
 
Deliver & 
Collect
 
 
Postal
 
 
Data collection tool 
 
 
Figure 3-2: Approaches of data collection, adapted from  [99] 
The advantages and disadvantages of the data collection approaches presented in 
Figure 3-2 are discussed in in detail in [94-97,99,105,106,108]. In summary, telephone, 
Skype, and online or email based methods have a limited sampling frame; and therefore, 
cannot result in a representative sample, consequently limiting the generalisation of 
findings. Similarly, postal services might not be accessible to everyone; for example, in 
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Malawi where people need to have private post office boxes to have access to postal 
services; and courier services cannot reach everyone due to challenges of locating peoples‘ 
houses. Moreover, courier services are relatively expensive.  
Given the methodological theory, the next section discusses the research practice for the 
socioeconomic investigations which was carried on Likoma Island. 
3.3 Practice of Data Collection Methods on Likoma Island  
Because the data required for the research objectives was exactly known and was needed 
in a standardised format; as pointed out by [97,105] , a questionnaire became the most 
obvious tool for the data collection. The questionnaire design process is discussed below. 
3.3.1 Questionnaire Design  
The first step in the questionnaire design process was to decide the language and mode of 
administration. Through consultations with colleagues originally from Likoma Island, it 
came out that Chichewa was the main language of communication on the Island. Thus, a 
reliable translation of the questionnaire between English and Chichewa was crucial for 
successful data collection.  As discussed by [111], methods of questionnaire translation 
include decentering, direct or one-for-one translation, committee approach, close and 
literal translation, advance translation, and translation of finalised questionnaire on 
administration. To ensure validity, questionnaire translation requires undergoing through 
assessment. Assessment methods for translation of questionnaires include back-translation, 
committee assessment, comprehension assessment, and statistical analyses [111]. Based on 
the relevance and processes involved in each of the translation and validation methods; this 
work used the direct translation method and the back-translation for validation. The 
process is described in Figure 3-3.  
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Figure 3-3: Questionnaire translation process, adapted from [111] 
Following the process in Figure 3-3, both the source and target language questionnaires 
were revised and sent to an independent assessor proficient in both English and Chichewa, 
and experienced in the Malawi energy sector. The second independent assessor thought 
that the two versions (English and Chichewa) of the questionnaire were equivalent. 
The questionnaire had five types of questions as described in Table 3-2 below: 
Table 3-2: Types of survey questions, adapted from [96] 
Type of question  Type of  response sought after 
Open ended 
quantification questions 
Amount e.g. litres of paraffin or money spent on paraffin per month. 
Open ended qualitative 
questions 
Phrase or comments e.g. advantages/disadvantages of cooking on 
firewood or electricity  
Open ended grid (table) 
based questions 
A figure in a table cell corresponding to an item in a header row and 
header column e.g. amount (recorded ) of firewood (item in header 
column ) used for cooking (item in a header row) 
Closed ended list 
questions 
An item(s) ticked from a pre-defined list e.g. a cooker (ticked) from a 
list of possible electrical appliances that are owned by a household  
Ranking/scale questions Placing items e.g. household energy services in order of importance 
or describing level of service-satisfaction using a number on a scale 
e.g. from 1 - 4 (4 = very satisfied) 
 
Develop 
questionnaire in 
source language 
i.e. English 
Translate source 
language  
questionnaire into 
target language i.e. 
Chichewa   
Independent person 
translates the target 
langauge 
questionnaire back 
into source language 
Another  independent 
person checks the 
similarity of the back-
translated  and 
original source 
language 
questionnaire  
Revise  the target-
language version  
questionnaire  if 
necessary or 
administer  
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The questions were designed to address the specific research objectives as outlined below. 
Objective (i): To determine the energy needs and their prioritisation 
313F
14
. What do you need electricity for? OR if you had electricity what would you use it for? 
 Lighting  Cooking      Heating Radio TV   
 Health Service Equipment  Education Services  Water supply  
Telecommunication                Farming  Other _________________ 
1. Please tick the cells indicating how the following services are important to your 
community? 1= most important, and so on up to 5 = most unimportant.    
1 2 3 4 5 
Water supply system      
Sewerage System      
Health service        
Electricity Supply      
Education services      
8. Which of the following activities that require energy indicated on the left column is 
most important to you? 1= most important; level of importance can be repeated. Please 
tick the cell of importance against each activity. 
1 2 3 4 5 6 7 8 9 10 
Cooking           
Lighting           
Water heating            
Radio           
Television           
Transport            
Farming  and Livestock           
Industrial activities           
Drinking- water pumping           
Handcraft           
Telecommunication           
Other activities            
16. How satisfied are you with the energy sources you use for the following activities. 
 
 
                                                 
14
 All questions are numbered according to their sequencing 
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Very dissatisfied Dissatisfied   Satisfied Very satisfied 
Cooking     
Lighting     
Water heating      
Radio     
Television     
Transport      
Farming  and Livestock     
Industrial activities     
Drinking- water pumping     
Handcraft     
Telecommunication     
Other activities      
27. How satisfied are you and your family with the following services in your area. 
Very dissatisfied Dissatisfied  Satisfied Very satisfied 
Education services     
Health services     
Water supply     
Electricity supply     
Objective (ii): To determine the energy demand and its profile 
2. Which energy source do you use in the following activities?  For each use please tick 
the cell below a relevant energy source. 
 
Firewood Charcoal Paraffin Candle Petrol Diesel Batteries Gas ESCOM 
electricity 
Other   
Cooking           
Lighting           
Water heating            
Radio           
Television           
Transport           
Farming  and 
Livestock 
          
Drinking- 
water 
pumping 
          
Telecommuni
cation 
          
Other 
activities  
          
          
4. Tick the electrical appliances you have. 
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 Radio                                          TV                                   Refrigerator                 
 Other (specify) 
5. State the electrical appliances you plan to have. 
Appliance  When do you expect to have the appliances? 
___________________________________ 
___________________________________ 
________________________________ 
________________________________ 
 
6. How much of the energy sources do you use per month on the activities indicated on 
the left column? 
 
Firewood Charcoal Paraffin Candle Petrol Diesel Batteries Gas Other   
Cooking          
Lighting          
Water heating           
Radio          
Television          
Transport           
Farming  and 
Livestock 
         
Industrial 
activities 
         
Drinking- water 
pumping 
         
Handcraft          
Telecommunica
tion 
         
Other activities           
17.  State the quantity of hot water required per day for your household or institution. 
37. State the number of rooms (including living rooms/meeting rooms, kitchen, toilet, etc.) 
in the house/institution buildings. 
Objective (iv): To determine household purchasing-power for energy 
7. Please write down how much you spend per month on the following energy sources. 
Firewood Charcoal Paraffin Candles Petrol Diesel Batteries Gas ESCOM 
electricity 
Other  (specify) 
           
28. Please indicate if you have ever felt under financial pressure to pay for your energy 
bills / costs.  Yes   No    N/A  
29. State how much you would be comfortable to spend on energy bills per month 
(cooking, heating, lighting, TV, radio etc. except transport).  K _______ 
30. State how much you would be comfortable to spend at once at a maximum towards 
purchasing an energy system (e.g. solar PV system, diesel generator etc.). K__________ 
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Objective (v): To find out existing business enterprises and desired business enterprises 
1. Please state profitable business enterprises in your area. 
_______________________________________________________________________ 
2. Write down the business enterprise you do or you would want to engage in. 
 Current business enterprise___________ Desired business enterprise ___________ 
Objective (ix): To devise an energy-system deployment model that could enhance 
sustainable livelihoods 
This required a deep understanding of the socioeconomics on Likoma Island; so the 
following questions were included. 
9. If you use firewood, please indicate how you source the firewood.  
 Collect for free from a local woodlot  Buy from private sellers  
 Collect from local woodlot and also buy from private sellers  N/A 
10. If you collect firewood, how many days a week do you go out to collect firewood?  
 1 day    2 days  3 days   4 days   5 days   6 days   
  7 days      N/A 
12. Explain what you do not like about your current energy technologies/sources?   
What is not likeable 
Firewood  
Charcoal  
Paraffin   
Candles  
Batteries  
Gas  
Petrol  
Diesel  
ESCOM electricity  
  
13. Explain what you like about your current energy technologies/sources. 
What is likeable  
Firewood  
Charcoal  
Paraffin   
Candles  
Batteries  
Gas  
Petrol  
Diesel  
ESCOM electricity  
14. Would you still use your current energy sources (e.g. firewood for cooking) if you had 
other energy sources e.g. electricity  Yes  No 
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15. What can make you not abandon your current energy technologies/sources? 
Why energy source/technology cannot be abandoned  
Firewood  
Charcoal  
Paraffin   
Candles  
Batteries  
Gas  
Petrol  
Diesel  
ESCOM electricity  
20. Please indicate which of the following services you have access to. 
 Microfinance Institutions     Banks   Cooperatives  
Others (specify) 
21. Have you received any loan in the past 12 months 
 Yes No Reason: _________________________________ 
22. Please indicate if you have access to loans for energy supply. 
 Yes  No 
25. State any technical skills in your household or institution. 
 Carpentry  Tinsmith   Motor vehicle mechanics  Electrician 
 Other (specify) ___________ 
26. How satisfied are you with your income to cover for your food requirements  
 Very dissatisfied  Dissatisfied  Satisfied 
  Very satisfied   N/A 
32. Please indicate if you own a piece of farmland.  
 Yes  No   N/A Comment on ownership_____________ 
33. Please indicate the ownership of your property. 
 Private   Family   Rented  
 Government 
34. Please indicate if you consider emigrating from the Island.  
 Yes  No   N/A 
Give a reason ______________________________________________________ 
35. Please indicate your employment status. 
 Fulltime paid employment  Farmer   Business person / institution  
 Casual labourer  
36. Please state your annual income from the following activities. 
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38. Where do you get water for your daily activities from? 
 Private water point by utility company  River   Public borehole 
 Public water point by utility company  Lake  Private borehole  
 Others __________________ 
39. How much water do you use per day? __________________ 
 Comment on proportions for major uses.________________________________ 
40. Are there people in the community who participate in meetings about energy? 
 Yes  No  
41. Do women participate in decision making in the community? 
 Yes  No   
42. What is your opinion about security in the community? 
 Good  Acceptable   Bad 
The questionnaire also requested information about crop and animal production as it was 
initially designed that the research would also undertake a techno-economic modelling for 
biomass. But this objective was not carried forward when it became apparent that the 
Island had insignificant biomass resources. 
3.3.1.1 Piloting and Reviewing the Questionnaire 
Piloting a questionnaire means trying it out with a small group which are part of the 
sample or trying the questionnaire on a group that shares the same characteristics with the 
would-be sample [94,96]. By piloting, researchers can make necessary reviews to 
questionnaires and ensure that people follow the questions in order to get back valid data 
[94,96,97]. If it is hard to access part of the sample members on whom the questionnaire 
can be tried, Laws et al [96] recommends at least trying out the questionnaire on some 
friends or colleagues, or discussing the questionnaire with key informants and/or research 
assistants [97]. Based on the recommendations in [96,97]; the questionnaire for this 
research was piloted in two stages. Firstly, the two research assistants which were involved 
in the data collection were asked to complete both the English version and Chichewa 
Amount 
Animal-farming income  
Crop-farming income  
Employment/piece works income  
Business-enterprise income  
Aid   
Others  
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version of the questionnaire, and were asked to comment on the questionnaire. Their 
comments were as follows: (a) the questionnaire was too long and could easily put off 
people; and (b) people would have difficulties to remember how much money they spend 
on various energy sources including quantities used per month. Secondly, the 
questionnaire was tested on six households. The piloting led to cancellation of questions 
40, 41 and 42 (which asked about community participation in development activities and 
general community security); these questions were found to be observable 
ethnographically14F
15
. The piloting also showed that questions 5 (about planned appliances to 
be purchased) and 31 (about education of household members) were sensitive. Some 
respondents also thought questions 13 (what is likeable about their current energy 
technology) and 15 (why their current energy technology cannot be abandoned) were 
obvious to the researcher and showed signs of unwillingness to provide responses. As a 
result the questions were cancelled but where respondents provided responses, the 
responses were used as valuable cases but not for any quantitative statistical analyses. 
The following section discusses the process of negotiating access to respondents. 
3.3.2 Avoiding Gatekeepers and Negotiating Access to Respondents  
Miniechello et al (1997) (as quoted in [95] ) defines gatekeepers as ‗those individuals in an 
organisation that have power to withhold access to people or situations for the purposes of 
research‟. Apart from organisation line-managers; other examples of gatekeepers might 
include political leaders, government administrators, schools‘ headmasters, village 
headmen or chiefs, community religious leaders, heads of kin groups or households 
[95,97]. Gate keepers sometimes try to control who the researcher speaks to; they can 
guide the researcher towards certain individuals whether intentionally or not, which can 
lead to misrepresentation of sample [97]. Therefore, discretion or a process of negotiation 
is required to ensure the researcher has the control over the selection of respondents and/or 
what information to request for; but with the trust and support of the local leaders. Laws et 
al [96] defines negotiating access as ‗a process of getting permission to approach people, 
or indeed to use archive material or unpublished official statistics, as part of the research 
process‟. In addition Laws et al [96] noted that: 
„When we set out a research project, our enthusiasm often makes it difficult to 
remember that others, whether local community or members of staff of partner agencies, 
will not always readily wish to be involved. People meet your research with 
                                                 
15
 Observation of social life as it unfolds naturally [115]  
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expectations of their own, which you cannot guess. There is often some suspicion of 
your motives, and there is always competition for people‟s time. Do not underestimate 
the work involved in gaining people‟s trust and co-operation‟. She then advises: ‗think 
through, as soon as you can, what you need to do in order to get access to the people 
you hope to contact, and set these processes in train early on. And persist.‟  
For this research, firstly, the Department of Energy Affairs in the Malawi Ministry of 
Energy was informed and a meeting was held with the department‘s head of Rural 
Electrification Project and the head of Alternative Energy Sources; at the meeting, the 
research objectives and the methodology were presented. Consultative meetings were also 
held with the executive management of Electricity Supply Corporation of Malawi 
(ESCOM), technical staff of the Malawi Energy Regulatory Authority (MERA), and 
research staff of the National Commission for Science and Technology. Thus, the 
involvement of these stakeholders could be mentioned to local people in order to enhance 
trustworthiness. In addition, the District Commissioner for Likoma Island was informed 
about the research project. However, traditionally, people in Malawi are under chiefs; and 
it is advisable to make the chiefs aware of any activities taking place in their community. 
Sometimes, households can boycott activities if they find out that their chief is not aware 
of the activity. Therefore, the Island‘s Traditional Authority (TA), senior chief; who also 
hosted the researcher for the entire period of the fieldwork, was requested to call all the 
chiefs to a meeting where access to households was requested. At the meeting, the chiefs 
unanimously granted permission to conduct the household survey; and agreed to provide 
household registers. Amongst other comments, one chief added: ―…you will meet some 
people who cannot read and write; please respect them as they could be more 
knowledgeable about the issues affecting Likoma, so ask them politely and complete the 
questionnaire by yourself from their responses.” A similar comment was given, later, by 
another local resident in an informal discussion regarding self-completion questionnaires; 
he said; ―most respondents would just keep the questionnaire and keep on postponing the 
date for collection until you give up in order to hide their illiteracy; so the best way would 
be to interview everyone face-to-face.‖ 
After getting the permission from the authorities, the selection of respondents was done by 
random sampling as is described in the next section. 
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3.3.3 Selection of Respondents and Approach of Questionnaire Administration  
Respondent households were identified by simple random sampling from registers 
provided by chiefs and making use of random numbers generated with MATLAB 
computer application software (the random numbers are attached in appendix A3.2). The 
sample size was determined using the Bartlett‘s sample-size table [109] as was discussed 
in section 3.2.4. The sample was proportioned to all the twelve villages comprising 
Likoma Island based on the population of each village. Based on the Bartlett‘s table, for a 
household population of approximately 1,500; a sample size of 306 households was 
adequate to achieve a confidence interval of 95 per cent for categorical data and a 
confidence interval of 99 per cent for continuous data at the error rates of 5 per cent and 3 
per cent respectively. But based on [109], a sample size exceeding 5 per cent of the target 
population requires correction using Cochran‘s correction formula i.e.  
 
 
3-2 
where  is the calculated sample size and N is the total population in the sampling frame 
i.e.  
 
Therefore, the sample size was corrected to: 
 
Because the sample was stratified by villages the proportions of the sample required from 
each of the twelve villages was calculated using: 
 
 
 3-3 
Where nv is the required sample size from each village, Nv is the household population of 
each village, Nt is the total household population on Likoma Island, and n is the required 
total sample size. The required sample size from each of the 12 villages is presented in 
Table 3-3. 
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Table 3-3: Sample stratification and proportioning by village 
Village Name Number of Households  Required  Sample size  
Ulisa 203 35 
Makulawe 98 17 
Madimba 180 31 
Chilongola 135 23 
Yofu 115 20 
Chiwoko 75 13 
Chalunda 90 16 
Chinyanya 93 16 
Makungulu 60 11 
Mwase 170 29 
Nkhwazi 94 16 
Mbungo 90 16 
Total 1403
a 
243 
a 
Some households, especially those who were on formal employment and living in  institutional houses were 
missing from the village registers, so 38 purposively sampled households were added to include the missing 
groups. 
With: (i) higher transparency on the objectives of the research to both the authorities and 
the respondents; (ii) as recommended by Laws et al [96] making use of connections with 
authorities in the area; and (iii) increased efforts in following up non-cooperative 
respondents, 202 completed questionnaires were realised from the household respondents 
(72 per cent response rate); although in certain cases the response rate for the individual 
questions was lower depending on the respondents‘ perception about each question.  
The register for Chiwoko village was inaccessible due to unavailability of the village chief 
on the day which was scheduled for the village; as a result, a random walk was used to 
identify clusters of households for interviews. The accessible register for Makungulu 
village only contained a list of beneficiaries of a previous government project; as a 
consequence the village could be underrepresented in the final determined sample size. 
Representation of different social classes and groups was achieved by selecting sample 
households in the presence of village chiefs; the chiefs could be asked whether or not they 
felt that the sample had included the different social groups from their village. When it 
happened that a certain group was missed out, households were added (still using random 
numbers) until some subjects representing the missing group were identified. Caution was 
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taken, though, to ensure that chiefs did not use this as an opportunity to include households 
of their preference. 
In households where both husband and wife were present, they were encouraged to discuss 
responses; children were also able to contribute. Husbands were able to point out questions 
that required contributions from women; for example, about firewood consumption and 
any advantages or disadvantages of using firewood. The women contributions relating to 
firewood usage were valuable since women are the ones who spend most of the time in the 
kitchen preparing meals and doing kitchen related chores on Likoma Island and in Malawi 
in general.  
Apart from households, heads of institutions such as schools, hospitals, organisations and 
businesses were also interviewed about energy consumption and energy sources for their 
institutions. Due to lack of an accessible list of institutions and/or organisations operating 
on the Island, respondent institutions were selected by purposive sampling [94-
96,99,105,108]. The selected institutions were Likoma Secondary School, Chipyela 
Secondary School, St Peter‘s Hospital, the water treatment plant, five tourist lodges, and 
the Island‘s Museum. The institutions were selected because of their significance to the 
energy needs and energy demand of Likoma Island. All of the institutions, except two 
tourist lodges, provided data for estimating their energy demand. Some data about the 
facilities of the two tourist lodges that did not provide data was available from their official 
websites [112,113] and was used to determine their potential contribution to the energy 
demand of Likoma Island15F
16
. Energy demand for the two telecommunication towers on the 
Island was estimated based on a study by GSMA Green Power for Mobile [114] that was 
conducted for Telekom Networks Malawi in 2012.   
The household questionnaires were administered with the help of two research assistants; 
therefore, the next section discusses the involvement of the research assistants.  
3.3.4 Involvement and Training of Research Assistants  
The role of research assistants in fieldwork is discussed in [95-97]. Research assistants can 
work as interpreters, guides, facilitators of focus group discussions and transcribers, and/or 
interviewers. The involvement of research assistants and hence their required personal 
qualities depend on the type of research; available funding; and the relative benefits which 
                                                 
16
 A physical visit when delivering the questionnaire also provided some information   
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the assistants could bring to the research [95,97] . Some of the pros and cons, to the 
researcher, of involving research assistants are presented in Table 3-4. 
Table 3-4: Pros and cons of involving research assistants 
Pros Cons 
1. It might be easier for them to 
identify houses of respondents  
2. They could assist in framing 
questions appropriately within 
the customs of the community 
under study [96] 
3. Future collaborations could be 
established [97] 
4. They could facilitate access to 
research participants and 
acceptance into the research 
community [95] 
5. They can provide safety 
cautions16F
17 
1. If they have control over who can be 
interviewed they could be biased 
towards certain individuals probably not 
in the group interested by the researcher 
2. They give a character-identification to 
the researcher which may affect 
relationships and hence support or co-
operation from other groups of 
respondents [95].  
3. Remuneration expectations may cause 
budgetary constraints 
4. There may be a risk of information 
filtering/editing (for open-ended 
questions) if respondents give contrary 
views about their own community [96] 
With full consideration of the pros and cons outlined in Table 3-4, two research assistants 
were involved. The assistants were given training on the conduct of research interviews; 
covering good phrasing of questions to avoid leading respondents to certain responses (see 
appendix A3.3). In addition, the training material covered introductory and concluding 
information for research interviews in line with research code of ethics as will be discussed 
later in section 3.3.6. 
The next section discusses the use of informants and observations for collection of data 
relating to social practices. 
3.3.5 Use of informants and Observations  
Special informants and ethnographic observations, „studying the social life as it unfolds in 
the practices of day-to-day life‟ [115] were used to find out the social practices that can 
                                                 
17
 There is also a probability that some assistants can be a security/safety hazard depending on how they are 
recruited. In a strange environment certain people can introduce themselves to the researcher with ill 
motives. It is advisable to recruit research assistants with the help of recognised authorities 
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influence energy consumption i.e. research objective (iii). Being a home country, without 
language barriers; it was possible to move freely and observe events, attend gatherings 
such as funeral ceremonies17F
18
, and engage in informal discussions. The attendance of the 
funeral and the free movements provided knowledge of energy consumption for communal 
events and daily activities such as TV watching. When a phenomenon of interest was 
observed during household visits; the research assistants were used as informants to 
provide more details about the phenomenon e.g. the conduct of weddings, funerals, and 
fishing.  
The next section discusses ethical issues relating to the practice of data collection from 
human participants.  
3.3.6 Research Ethics  
The causes of ethical dilemma for research involving human participants are issues of 
knowledge generation, data access and ownership; fears of participants‘ exploitation 18F19; 
anonymity and confidentiality of the participants; and the researcher‘s accountability 
[95,95-97,105]. According to [94-97,105] research involving human participants entails: 
1. Communicating project information and getting consent from participants; 
2. Avoiding undue intrusion; 
3. Avoiding harm to respondents e.g. psychological stress, legal liabilities, 
ostracism; 
4. Safeguarding the right to confidentiality and anonymity; 
5. Giving fair return for assistance (reciprocity); 
6. Clarifying any incentives paid to respondents; 
7. Clarifying  data storage, access and ownership (and influence of funders); 
8. Avoiding pushing interviewees to respond to questions about which they show 
some discomfort; 
9. Avoiding making promises of help unless there is ready funding for the 
promised activities; and 
10. Clarifying any deceptive methods used to collect data when reporting.  
The above mentioned issues were observed as required by the Loughborough University 
Ethics Committee (see appendix A3.4). In summary during and after the survey, no harm 
                                                 
18
 Attended one funeral ceremony during the fieldwork 
19
 No photographs and/or interview (or meeting) recordings of  human activities were taken to avoid 
reinforcing feelings of exploitation (and expectations for aid) in participants – sometimes marginalised 
groups may feel that their photographs are used by the privileged to justify donor aid which does not reach 
them. 
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to respondents was reported and necessary measures were taken to avoid undue intrusion 
to respondents. Access to respondents was negotiated with leaders as already discussed in 
section 3.3.2 and formal consent from respondents was sought before the start of 
interviews (project information sheet and informed consent form are attached in appendix 
A3.5) as required by Loughborough University in [116]. Throughout the survey only two 
persons declined to be interviewed, but none of the respondents raised concerns relating to 
the conduct of the survey. 
Regarding incentives and reciprocity: drinks and snacks were provided at the first meeting 
with the chiefs. It is not unusual to provide drinks and snacks when holding meetings with 
chiefs in Malawi. Additionally, the two research assistants were paid reasonably based on 
wages they had received from a previous market survey they had done for one company on 
the Island. Contributions in cash and in kind were made towards household expenses to the 
chief who provided the accommodation on Likoma Island. Finally, the Commonwealth 
Scholarship Commission who funded the PhD research project had no influence on the 
conduct of the research i.e. everything presented in this thesis are the views of the author. 
The next section discusses how the socioeconomic data were analysed.  
3.3.7 Analysis of Data for the Socioeconomics Characterisation of Likoma 
Island 
The elicited socioeconomic data were analysed by use of SPSS and Microsoft Excel 
computer packages based on statistical methods appropriate for nominal, ordinal, and scale 
data as was discussed in section 3.2.1. 
The prioritisation of identified energy needs and social services were determined 
analytically based on importance-ranking of the energy needs and services; and the 
perceived service-satisfaction by households. As was discussed in chapter 2, it was 
observed that, apart from eliciting data that reveal services which are essential for 
livelihood, existing development approaches were not clear on how they accounted for the 
present service-satisfaction. Therefore, a novel analytical method was developed for 
prioritising services and needs; taking into account both the rank of importance and 
people‘s satisfaction with services i.e. 
 
 
 
 3-4 
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Where P is the prioritisation index for a need or service, R is the average importance-
ranking for the need or service, S is the average existing service or need-satisfaction, and k 
is the proportionality constant which was assumed to be unity. A discussion of the novel 
analytical method is presented together with the survey findings in chapter 6. The elicited 
ranks of importance of services and energy needs were first reversed so that most 
important services were associated with the highest ranking-numbers. Then, both the 
service-importance-ranks and service-satisfaction-scores were averaged in a 95 per cent 
confidence interval [99-101]. Furthermore, the ranks of importance for each energy need 
and social services; and the satisfaction scores with the energy sources and the social 
services were summed up and normalised by their maximum expected sums determined by 
the number of valid responses and the possible maximum score. The aim of the 
normalisation process was to validate the results found by the mean of ranks if the number 
of valid responses were significantly different across the services-importance and the 
services-satisfaction.  
The baseline energy demand was estimated based on the energy needs, ownership and use 
of electrical appliances; and the hourly time-steps during which electrical appliances or 
equipment are usually used by institutions and households [117]. Based on the household 
data, the proportion and hence the number of households with access to electricity, and 
having ownership of particular electrical appliances were estimated. The average number 
of rooms per property was used to determine the number of light bulbs per property. The 
demand estimation included appliances and equipment which were planned to be 
purchased within five years from the time of data collection. Any other assumptions about 
the energy demand estimation are included in the findings in section 4.4.10. 
Purchasing-power for energy was determined from the prevailing energy-expenditure, 
willingness-to-pay for energy costs and energy-system‘s capital costs. Thus, the energy-
expenditure on each energy service was summed up to determine the total energy-
expenditure for each respondent; and averaged in a 95 per cent confidence interval for all 
respondents. Similarly, the willingness-to-pay per month for energy costs; and the 
maximum amount of money that could be afforded for capital costs of energy systems was 
averaged in a 95 per cent confidence interval for all respondents. Incidences of financial 
pressure arising from energy costs were examined by frequencies. Likewise, business 
enterprises practiced and desired by households were examined by frequencies. Other 
parameters that were used to understand the general economic situation were household 
monthly income, access to microfinance, and the percentage of household income that was 
60 
   
spent on energy. The livelihood contribution by energy systems is discussed quantitatively 
and qualitatively based on the socioeconomic changes that would occur relative to the 
existing vulnerability context, livelihood assets and their accessibility, and livelihood 
outcomes. 
3.4 Chapter Summary  
Reliable energy demand and socioeconomic data for long term energy systems modelling 
and contextualisation of delivery mechanisms for energy systems for Likoma Island was 
unavailable. Therefore, primary data was collected making use of questionnaire interviews, 
self-completion questionnaires, unstructured discussions with informants, and physical and 
ethnographic observations. In general, the research elicited empirical data relating to 
energy needs, energy demand, energy use patterns, prioritisation of energy services, 
household purchasing-power for energy and socioeconomic conditions for Likoma Island. 
Within the methodology, a novel analytical approach for robust prioritisation of 
development interventions when planning renewable energy systems was devised.  The 
developed analytical method prioritises energy services based on the importance-ranking 
of energy services and the existing satisfaction as perceived by the users of the energy 
services.  
Having discussed the methodology for assessing the socioeconomic context; the next 
chapter presents the methodology for investigating the techno-economic feasibility of 
photovoltaic and wind electricity generation.  
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Chapter 4 : Methodology for the Techno-economic Feasibility 
Investigation of Photovoltaic and Wind Generated Electricity 
4.1 Introduction 
As was discussed in section 2.5.1, the main aim of techno-economic feasibility 
investigation is to identify an energy system that can produce enough power to meet the 
energy demand while meeting any constraints as required by the power system at the least 
cost.  
Commercial and academic computer software tools are available which can be used to 
determine the technical and economic feasibility of photovoltaic and wind energy systems. 
Based on reviews of available energy modelling tools, about 70 of them in [118,119] and 
online sources; HOMER, EnergyPLAN, TRNSYS and Hybrid2 software tools were 
identified as potential tools for this investigation. First, because these software tools can 
simulate and output time-series operation (in time-steps of 1 hour or less) of an energy 
system over one year or more. Second, because among the simulation19F
20
 modelling-tools, 
the aforementioned tools (despite being relatively costly) had high number of registered 
users, which was an indication of their reliability. Further review of the features of the 
identified software tools in [5,16,60,63,120-126] showed that HOMER software was the 
most reliable for this investigation. Apart from carrying out time-series simulations, 
HOMER software can do operation and cost optimisation; and sensitivity analysis for 
investigating uncertainties. TRNSYS, EnergyPLAN and Hybrid2 can do operation 
optimisation but neither cost optimisation nor sensitivity analysis. Additionally, the 
HOMER software has validated inbuilt algorithms which can be used to synthesise time-
series irradiance and wind speed data if empirical data is not available.  Generally, 
HOMER software appeared to be an industry standard tool for modelling embedded hybrid 
energy systems. Thus, section 4.2 presents a fundamental description of the HOMER 
software. Section 4.3 discusses the wind and solar resource assessment. Section 4.4 
discusses the input data into the HOMER software for this thesis. Section 4.5 outlines the 
chapter summary. 
                                                 
20
 Other energy modelling tools are accounting/statistical  based e.g. RETScreen because they do not 
simulate the time-series operation of an energy system although they can compute cost factors, and  energy 
and emission balances [63,118]  
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4.2 The Hybrid Optimisation Model for Electric Renewables (HOMER) 
The HOMER software can simulate the performance of an off-grid or grid-connected 
system comprising a mix of conventional generators, combined heat and power, biofuel 
generators, wind turbines, solar photovoltaic, batteries, flywheels, fuel cells, electrolysers, 
and/or  power converters. Figure 4-1 shows the HOMER interface for setting up the energy 
system model. 
 
Figure 4-1: The starting environment of HOMER for setting up a model energy system configuration 
From the starting environment shown in Figure 4-1, a modeller can select system 
components and describe the type of loads for a desired energy system configuration. 
Given the system configuration, primary energy resources data, cost data, and economics 
data such as interest rate on capital etc. as will be described later in section 5.4; HOMER 
software determines how the variable energy resources such as wind and solar can be 
optimally integrated into hybrid systems [16]. Firstly, the HOMER software determines 
how a particular combination of the system components of specific sizes, and operating 
strategy would behave over a specified project lifecycle by performing simulations in 
specified time-steps. At the first level, the output is a list of system configurations ranked 
in descending order of their total net present cost [63]. Secondly, the model goes into an 
optimisation process which determines the optimal value for each of the possible system 
component sizes that can meet the load demand and any specified constraints [63]. The 
output of the optimisation process is a list of the least cost feasible system for each 
category of the possible combination of the system components. Lastly, the HOMER 
software carries out multiple optimisations (sensitivity analysis) from which effects of 
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changes (or uncertainties) in a particular input variable on the optimisation results can be 
investigated [63].  
The fundamental mathematical models and calculations carried out by the HOMER 
software are described below. 
Calculation of PV array output: The output of the PV array, Ppv , is calculated using: 
 
 
 4-1 
Where, fpv is the derating factor, Ypv is the rated capacity of the PV array (kW), IT is the 
incident solar radiation in kW/m
2 
in each time-step, and Is is the standard amount of 
radiation that was used by the manufacturer to rate the capacity of the PV module; Is is 
usually 1 kW [63]. The derating factor is a constant that is used to reduce the output of the 
PV array to account for effects such as dust or shading. 
In each time step, the incident radiation, IT, is calculated using the HDKR20F
21
 model i.e.  
 
 
 4-2 
Where, Ib is the beam radiation, Id is the diffuse radiation, Ai is the anistropic index, Rb is 
the ratio of beam radiation on a tilt surface to that on a horizontal surface, ß is the PV array 
tilt angle to the horizontal, f is a factor that accounts for cloudiness,   is the total radiation 
reaching the ground, and is the ground reflectance [61]. The equations for Ai , Rb and f 
can be found in [61]. 
Calculation of wind turbine output: In each time step, HOMER software first extrapolates 
the wind speed from anemometer height to turbine hub height (if the two heights are not 
equal), using either the power law or log law depending on user‘s specification for the 
wind shear profile. The log law was used for this work i.e.  
 
 
 4-3 
where Vh is the wind speed in m/s at hub height; Va is the wind speed in m/s at anemometer 
height, Zh is the hub height in m, Za is the anemometer height in m, and Z0 is the site 
                                                 
21
 Named after the developers of the model  i.e. Hay, Davies, Klucher, and Reindl 
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roughness length in m [62]. The hub height wind speed is then referred to the power curve 
of the wind turbine to calculate the power output [63]. The power curve of a wind turbine 
is a cubic function of the wind speed which is given by: 
    4-4 
Where  is power produced by the wind turbine,   is the density of air,   is the 
cross-section area of the wind turbine,   is the instantaneous wind speed and  is the 
conversion efficiency of the wind turbine.   
   Diesel generator power output: The HOMER software decides whether or not a diesel 
generator should be dispatched (and at what power output) based on the output from other 
power sources (e.g. photovoltaic array and wind turbines) and the needs of power system, 
and the technical constraints i.e. required operating reserve; maximum capacity shortage, 
the diesel generator‘s minimum load ratio (see glossary for definition of terms); and the 
relative costs of the power sources [63]. For the diesel generator, the HOMER software 
also calculates the fuel consumption, fixed and marginal costs; and emissions (carbon 
dioxide, carbon monoxide, unburnt hydrocarbon, particulate matter, sulphur dioxide, and 
nitrous oxides [63].  
Sizing of battery storage: Using the battery kinetic model discussed in [127] and the 
discharging and charging characteristics of the battery as specified by the modeller; 
HOMER software determines the battery dischargeable power and how much power the 
battery can absorb in each time-step; and determines the optimal size of the battery based 
on the deficit or excess of the generators‘ total output. After selecting the battery size, the 
battery life is then calculated using: 
 
 
 4-5 
where Rbatt is the expected battery life, Nbatt is the number of batteries in the battery bank, 
Qlifetime  is the lifetime throughput (in kWh) of a single battery, Qthrpt  is the total energy (in 
kWh) that cycles through the battery bank in one year, and Rbatt, f  is the float life of the 
battery (in years) [63].  
Calculation of the total net present cost: Each cost and revenue incurred or earned n years 
after the start of the project is discounted to year zero (n years back) to account for the 
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time value of money [62]. The total net present cost of the energy system is calculated 
using: 
 
 
 4-6 
where CNPC  is the total net present cost of the energy system project, N is the project 
lifetime, Cn is the cost incurred n years after the start of the project, Rn is the revenue 
earned n years after the start of the project, i is the inflation-adjusted discount rate or 
interest on capital given  by: 
 
 
 4-7 
where  is the nominal bank interest rate,  is the annual inflation rate. Inflation-adjusting 
the interest rate, factors out cost fluctuations by assuming that every cost changes by the 
same rate as the inflation. Additionally, HOMER calculates the levelised cost of energy 
(COE) using: 
 
 
 4-8 
Where CNPC is calculated using equation 4-6, i is the inflation-adjusted discount rate, and N 
is the project lifetime. The numerator of equation 4-8 is the annualised cost of the system 
i.e. equal amount of money that should be paid every year to pay off the project lifecycle 
costs over N years. By using ‗useful energy‘ in the denominator of equation 4-8, the 
HOMER software calculates a demand based COE. In the HOMER software ‗useful 
energy‘ is that energy which is supplied by the energy system to the primary load (and grid 
sales if the system is grid connected). The numerical outputs of HOMER software can be 
copied into a spreadsheet where further generic calculations could be carried out. For 
example, in this work, apart from the calculation of cost of energy by the HOMER 
software; a second value of cost of energy was calculated in spreadsheet assuming all the 
generated energy was acceptable by the distribution grid network using:  
 
 
 
 4-9 
Where  is the cost of energy if all the generated energy were saleable;  
 is the total energy produced minus losses. 
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As already discussed in this section, reliable solar radiation and wind speed data are 
essential inputs for the HOMER software. In addition, the wind turbine size that can be 
used at a particular site depends on the site‘s average wind speed; and the height at which 
the useable wind resource exists determines the capital costs for the wind turbines. 
Therefore the next section discusses the solar and wind resource assessment; and a detailed 
description of the HOMER inputs for this thesis follows thereafter.  
4.3 Solar and Wind Resource Assessment 
4.3.1 Data Collection 
Initially, measured wind and solar radiation data for Likoma Island were obtained from the 
Department of Climate Change and Meteorological Services of Malawi (DCCMS). The 
data were hourly wind speed (m/s) and direction (in °) at 2 m height; hourly solar 
irradiance (W/m
2
) incident on a horizontal surface; and hourly air temperature21F
22
 (in °C). 
Figure 4-2 shows the measured wind speed. Figure 4-3 shows the measured irradiance data; 
and Figure 4-4 shows the measured temperature.  
 
Figure 4-2: Measured wind speed  for Likoma Island ( from 15 Feb 2010 to 30 Nov 2010, 2 m height) 
Data source: DCCMS  
                                                 
22
 The temperature data is useful for correcting PV power output.  PV power output decreases with 
increasing PV cell temperature (above standard test conditions i.e. 25 ° C. 
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Figure 4-3:  Measured irradiance for Likoma Island ( from 15 Feb 2010 to 30 Nov 2010)  
Data source: DCCMS 
 
Figure 4-4: Measured air temperature for Likoma Island (from 15 Feb 2010 to 30 Nov 2010) 
Data source: DCCMS 
As can be seen from the figures above, the measured data was only continuous for a period 
of 9 ½ months (15 February 2010 to 30 November 2010). For the simulation of wind 
turbine and photovoltaic array performance, full-year wind speed and solar radiation data 
were required. Also, the trend of the measured radiation data was unusual for a latitudinal 
location of 12° S. The measured irradiance shows lower values, about 500 W/m
2
, from 
August to November (dry summer months) compared to the values, about 700 W/m
2
 to 
800 W/m
2
, from April to July (winter months). By physical observation during the 
fieldwork, it was suspected that the horizontal boom (which was vertically above the 
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radiation sensor) holding the wind vane and the anemometer (see Figure 4-5) had a 
shading effect which should be significant when the solar altitude is high (between 
September and March for Likoma Island). 
 
Figure 4-5: Automatic weather station at Likoma Island aerodrome 
However, there could be other reasons relating to the weather in the year (2010) when the 
measurements were taken that might have affected the sky‘s clearness index for the site 
during the affected months. It should be noted that solar radiation reaching a site varies 
proportionally with the sky‘s clearness index. The clearness index depends on location-
and-time specific factors such as cloud cover, atmospheric water vapour and other 
particulates [61] which can vary from year to year and sometimes unusually. 
Therefore, the full-year solar and wind resources data for this work were synthesised from 
GIS satellite data using empirical models built in the HOMER software as will be seen in 
section 4.4.8 and section 4.4.9.  
Wind speed data (at 10 m height) was available from the Surface Meteorology and Solar 
Energy database (SSE) managed by NASA [17]; and solar radiation data was available 
from the Climatological Solar Resource database (CSR) managed by the US National 
Renewable Energy Laboratory [18]. However, the synthesis of the hourly wind data 
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required, among other empirical parameters, the Weibull k22F
23
 parameter, which could not 
be accurately estimated by the HOMER software from the measured data. Moreover, it 
was essential to identify the appropriate height at which a wind turbine could be installed; 
and to identify the optimal wind turbine size for specific potential sites. Therefore, a 
microscale wind-mapping was conducted using specialist wind analysis programme for a 
detailed wind resource assessment at different heights above the ground. The microscale 
wind-mapping is discussed next. 
4.3.2 Microscale Wind Mapping for Likoma Island 
Computer tools for microscale wind-mapping include linear models such as WAsP, MS-
Micro, and Raptor; and computational fluid dynamics (CFD) models such as Meteodyn 
WT, WindSim, 3D Wind [19,128-131] and WAsP CFD. Studies [128,129,131-135] 
highlight the relative performance of linear and CFD models. In general, CFD models are 
useful for modelling the wind climate in terrains with steep slopes. This work used WAsP 
for the following reasons: 
(a) The WAsP 11 version which was released in April 2013 included a linear 
model (Standard WAsP) and a CFD model. The CFD model was by online 
access from centralised high speed computers, while the standard WAsP is 
installed on the user‘s computer. Thus, access to the CFD23F24 applications was 
possible without the need for a relatively expensive personal high speed 
computer as it is required by CFD models. 
(b) The standard WAsP has been in use for over 25 years; over these years a 
number of validation studies have been conducted and empirical correction 
methods have been developed for improvement of accuracy; for example, 
correction methods included in [134,135]. 
(c) Studies published in [134,135] showed the application of WAsP for terrain 
similar to Likoma Island, which produced results with uncertainties as low as 4 
per cent.  
The following section describes the WAsP methodology for the microscale wind mapping.  
                                                 
23
 A constant that determines the distribution of the wind speeds. The Weibull is a probability distribution 
which is reliable for wind statistics. The Weibull distribution is characterised by two parameters; k shape 
factor, and c, scale factor. The scale factor is simply the average wind speed    
24
 Which would be necessary if, during the use of the standard WAsP, it were discovered that the terrain was 
beyond the operation limits of the linear model 
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 4.3.2.1 The wind atlas analysis and application (WAsP) methodology 
Figure 4-6 presents a schematic summary of the WAsP methodology.  
 
Figure 4-6: WAsP model summary  [134] 
As can be seen from Figure 4-6, WAsP requires as inputs: (a) wind data preferably of at 
least 1-hour resolution; (b) description and positions of any obstacles relative to the 
measurement instrumentation; (c) roughness and elevation details for the site under 
assessment. Based on the inputs, WAsP can determine the regional wind climate by 
removing site specific factors influencing the wind climate. Conversely, site specific wind 
climate can be determined by the inclusion of the site specific factors to the regional wind 
climate. The WAsP input data for this thesis are presented next. 
WAsP inputs  
Wind data 
The wind speed and wind direction data obtained from DCCMS, as already discussed in 
section 4.3.1, were converted into a text file for compatibility, and then imported to WAsP.  
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Elevation, roughness and obstacles data 
A paper contour map (with a vertical interval of 15m) was obtained from the Malawi 
Department of Surveys. WAsP Map Editor was used to digitise the map by drawing over 
the contours of the scanned paper map loaded as a background in the Map Editor 
Application window. Google-earth images and data from the site visit were used to 
describe the terrain and major obstacles near the wind monitoring instruments (appendix 
A4.1). Roughness details for the different terrains were assigned based on WAsP 
guidelines shown in appendix A4.2. Figure 4-7 shows the final developed input digitised 
elevation and roughness map. 
 
Figure 4-7: Digitised map showing elevation and roughness details for Likoma Island 
Scale shows average elevation for the grids; otherwise lowest point is 465 m and highest point is 637 m 
above sea level. A, B and C are zones based on values of surface roughness-length. Line Y-Y demarcates 
zone B (north of the line) from zone C (south of the line). For A, z0 = 0.01; for B, z0 = 0.8; and for C, z0 = 
0.03; outside the outline of the map, z0 = 0  
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WAsP outputs (wind statistics for the observed wind climate and wind resource maps for 
Likoma Island) 
Figure 4-8 shows the Weibull distribution of the observed wind climate. The Weibull 
distribution is a probability distribution which is reliable for describing wind statistics [62].  
 
Figure 4-8: Weibull distribution for observed wind climate on Likoma Island (at 2 m above the ground) 
As can be seen from Figure 4-8, the average wind speed for Likoma Island at 2 metres 
above the ground is U = 2.26 m/s and the average power density is P = 33 W/m
2
. The two 
parameters, A = 2.2 m/s and k = 1.07, are scale and shape factor respectively and are 
useful for calculating the probability of occurrence of a wind speed using the Weibull 
distribution function [62]. For the wind data analysis under discussion, k will be used later 
in section 4.4.8. 
Figure 4-9 to Figure 4-12 show the modelled wind resource maps at 10 m, 25 m, 40 m and 
50 m above the ground. The resource grids (squares) in the maps are 600 m by 600 m. The 
Universal Transverse Mercator coordinates in metres based on ‗Clarke1880 New (1950) 
Arc zone 36 datum‘ are also indicated on each map for locating the wind resource grids.  
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Figure 4-9: Predicted wind resource for Likoma island at 10 m above the ground  
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Figure 4-10: Predicted wind resource for Likoma Island at 25 m above the ground  
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Figure 4-11: Predicted wind resource for Likoma Island at 40 m above the ground  
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Figure 4-12: Predicted wind resource for Likoma Island  at 50 m above the ground 
As can be seen from the wind resource maps (Figure 4-9 to Figure 4-12) that the expected 
average wind speed for Likoma Island: 
 ranges from 1.83 m/s to 4.11 m/s at 10 m above the ground; 
 ranges from 2.91m/s to 4.79 m/s at 25 m above the ground 
 ranges from 3.58 m/s to 5.14m/s at 40 m above the ground; and  
 ranges from 3.87 m/s to 5.24 m/s at 50 m above the ground. 
The modelled average wind climate agreed well with the average wind climate published 
by NASA for Likoma Island region and the recently published IRENA wind map 
(http://irena.masdar.ac.ae/?map=422). According to NASA [17], the annual average wind 
speed for Likoma Island region is 3.93 m/s and 4.98 m/s at 10 m height and 50 m height, 
respectively. Thus, the NASA data falls within the range of the grids‘ wind speed averages 
as shown by the wind resource maps for the 10 m and 50 m heights i.e. Figure 4-9 and 
Figure 4-12, respectively. Based on this, and given that the measured wind data did not 
cover a whole year; wind power potential was estimated based on hourly wind speed 
synthesised from the monthly wind speed averages from the NASA database making use 
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of validated algorithms built in HOMER as will be described later in section 4.4.8. Next, 
the inputs to the HOMER for the energy systems optimisations are discussed. 
4.4 The HOMER Inputs for this Thesis 
Two scenarios were modelled; each scenario with a number of systems investigated. The 
first scenario involved modelling of grid based supply for meeting the aggregated 
electricity needs for the whole of Likoma Island. For the grid based scenario, the following 
supply schedules were modelled: 
 Electricity supply for 14 hours per day by diesel generators alone i.e. 6:00 hours to 
12:00 hours and 14:00 hours to 22:00 hours. This schedule was based on the 
existing situation. 
 Electricity supply for 24 hours every day by diesel generators alone. This schedule 
was modelled in order to investigate the expected economic parameters if the 14-
hours electricity supply as mentioned above were improved to full-day supply. 
The two supply schedules as mentioned above were then modelled with a consideration of 
integrating photovoltaic and wind generated electricity i.e. model for 
 Electricity supply for 14 hours per day by photovoltaic and/or wind based 
generation with or without diesel generators and/or battery storage; and  
 Electricity supply for 24 hours per day by photovoltaic and/or wind based 
generation with or without diesel generators and/or battery storage. 
The second scenario involved modelling autonomous photovoltaic and wind based energy 
systems for selected essential social services based on the services prioritisation as will be 
seen in section 6.2.2. These models were as follows:  
 autonomous photovoltaic and wind based system for Likoma Island hospital (St 
Peter‘s);  
 autonomous photovoltaic and wind based system for Likoma secondary school; 
and 
 autonomous photovoltaic and wind based system for Chipyela secondary school 
Additionally, an autonomous photovoltaic and wind based system for a single household 
was modelled in order to determine the cost factors for an optimal household based system 
relative to the institutional systems and the grid based systems. 
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Figure 4-13 shows the schematic diagrams for the grid based energy system model. 
Figure 4-14 shows the schematic diagram for the model of autonomous photovoltaic and 
wind based systems.  
 
Figure 4-13: Schematic diagrams for  modelled grid-based energy systems for Likoma Island 
(a) is the model for the existing situation and (b) is for investigation of optimal system. 
 
Figure 4-14: Schematic diagram for autonomous photovoltaic and wind based energy system 
Descriptions of inputs for the modelled energy systems including the sources of data are 
discussed below.  
4.4.1 Diesel generators 
The physical model of a diesel generator in HOMER is specified by its rated real power; 
fuel consumption and efficiency curve; and the minimum load ratio i.e. a percentage of the 
rated capacity below which a diesel generator should not be operated to avoid corrosion  
which arise from condensation in the exhaust system at low load. The modelled diesel 
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generators were each rated 200 kW, real power; based on a capacity of 250 kVA and 0.8 
power factor for the existing diesel generators on Likoma Island. The modelled fuel 
consumption of the diesel generators was 0.3 litres per hour per kW at full load. The 
minimum load ratio was set at 30 per cent. The modelled efficiency curve for the 
generators is shown in Figure 4-15.  
 
Figure 4-15: Modelled efficiency curve for diesel generators on Likoma Island 
For economic modelling, the capital cost of the diesel generators was set to zero since they 
already exist; but a provision of US$5,000.00 was included for overhaul costs after every 
30,000 hours of running. According to [136], a well maintained diesel generator-set could 
run for 30,000 hours before needing a major overhaul. The operation cost was US$4.35 per 
hour based on generator maintenance costs provided by one of the leading after-sales 
service provider of generators in Malawi. The recommended maintenance schedule was 
after every 250 hours of running24F
25
. The prevailing diesel price in Malawi was US$1.92 per 
litre. 
4.4.2 PV array  
The modelled PV modules were monocrystalline. Quotations for PV modules including 
shipping were requested from international suppliers mainly from China. Seven quotations 
for a 120 kWp array were received with an average wholesale price of US$0.72 per Watt 
ranging from US$0.58 to US$0.93 per Watt. The International Renewable Energy Agency 
[6]  reported similar prices for crystalline silicon PV modules (average of US$0.75 per 
watt ranging from as low as US$0.40 per watt) from renowned Chinese manufacturers. 
                                                 
25
 Personal communication with a Maintenance Technician for Barloworld Equipment Malawi Limited 
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After adding shipping costs (also provided by contacted suppliers), local (Malawi) 
transportation costs, labour cost, and cost for support structures and cables; the total capital 
cost was estimated at US$140,943.00 per 120 kW i.e. US$1,174.53 per kW. This estimate 
was lower than the cost estimate by a study in Nigeria – US$2,400 per kW [137]; so an 
upward PV capital cost sensitivity analysis (by a factor of 2) was included as will be 
discussed later in section 4.4.12. The array sizes considered were between 0 and 5.9 MW. 
Maintenance costs were estimated at US$340.00 per 120 kW array (i.e. 0.2 per cent of 
capital costs) per year. In addition, a fixed cost of US$10,000.00 was included for a low 
voltage interconnection line to the substation. Based on the standard deviation of the 
supplied quotations, the estimated PV capital cost in this thesis has a precision of +/- 15 
per cent.  
In order to maximise power output, solar collectors are tilted to the horizontal, and the 
orientation (azimuth angle) depends on the site latitude. For Likoma Island, the optimum 
tilt angle is 15º to the horizontal with an azimuth orientation of 180º i.e. due north. Due to 
the tilt, a PV array can capture reflected radiation from the ground. The ground reflectance 
for solar radiation was modelled at 20 per cent25F
26
. However, the actual amount of ground-
reflected solar radiation incident on the PV array depends on the tilt of the PV array as 
given by the HDKR model in equation 4-2.  In addition, the PV power output decreases 
with an increase in temperature above the standard testing conditions (STC), 25º C. The 
decrease in power output with temperature (temperature power coefficient) was modelled 
at -0.5 per cent. The module lifetime was modelled at 25 years based on the elicited 
quotations and literature, for example [117,137,138].  
HOMER models the PV array assuming it is connected to the DC bus through a maximum 
power point tracker (MPPT). In order to account for the MPPT losses and also the 
manufacturer‘s power tolerance, a derating factor of 0.95 was included. Figure 4-16 shows 
the screen shot for the PV inputs window.  
                                                 
26
 The ground reflectance varies depending on the type of soil, vegetative cover, and season; see [17,166]. 
However ,  a constant 20 per cent is usually applied for  humid tropical localities[167]  
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Figure 4-16: Inputs for PV simulations for the grid-based systems  
(For the autonomous systems, the PV sizes considered were between 0 and 105 kW)  
As can be seen in Figure 4-16 , there are tabs (with parenthesis) associated to the input 
variables. HOMER provides these tabs for entering multiple values for the input variables 
if it is needed that HOMER should carry out sensitivity analyses as it was mentioned in 
section 4.2. Sensitivity analyses were carried out for the models investigated by this work; 
these are described in detail later in section 4.4.12. When the sensitivity tab is used, the 
total number of input values for the variable is shown in the parentheses as it can be seen 
in the input costs on the upper left corner (Figure 4-16). The table at the centre on top of 
Figure 4-16 shows the sizes which were considered in the simulations; and the straight-line 
graph at the top right is an interpolation of costs for each of the PV sizes under 
consideration. Because the capital and replacement costs were equal, the interpolation line 
for the capital cost is overshadowed by that of the replacement costs. 
4.4.3 Wind turbine 
The turbine size for this thesis was selected based on the guidelines outlined in [139] i.e. if 
 is the average wind speed for a site, the wind turbine: 
 cut-in wind speed should equal to ;  
 rated wind speed should equal to 2 ; and  
 cut-out wind speed should equal to 3  
Based on the wind resource mapping presented in section 4.3.2.1, a hub height of 40 m 
was chosen for sites with an expected hub-height average wind speed of 5 m/s. Hence, the 
optimum wind turbine modelled in this thesis is 10 kW in capacity (and direct current) 
with a cut-in wind speed equal to 3 m/s, and a cut-out wind speed equal to 15 m/s. Based 
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on quotations from contacted suppliers, the estimated capital cost was US$57,645 per wind 
turbine (i.e. US$5,765 per kW) including a controller, shipping, installation, and masonry 
works for tower foundation, and a low voltage interconnection line to a substation. The 
precision of the wind capital costs is, based on the supplied quotation, +/-15 per cent. But 
the Malawi Renewable Energy Acceleration study by Sgurr [140] estimated a maximum 
capital cost of wind turbine installations in Malawi at US$2,250 per kW which is lower 
than the cost estimated by this thesis. Despite that Sgurr‘s cost estimate was for large wind 
farms of Megawatt size which would have higher economies of scale; a downward capital 
price sensitivity (by a factor of 0.5) was carried out for wind turbines in the model. 
Although the impact of higher economies of scale (using Sgurr‘s cost estimation based on 
installed costs of large wind turbines) was modelled; it should be noted that apart from the 
need to optimise operation as discussed by the turbine selection criteria above, the use of 
10 kW wind turbine has the following other advantages over wind turbines of several 100 
kW in size: 
(a) in the event of a turbine breakdown, only a smaller power capacity would 
be removed from the generation capacity reducing the impacts of the 
breakdown on security of supply; 
(b) the smaller wind turbines may not need sophisticated transport 
infrastructure for transporting spare parts e.g. turbine blades; which would 
be compatible with the infrastructure services available for  Likoma Island , 
as will be seen in section 7.3; thereby enhancing sustainability as was 
outlined in Table 2-1.   
Moreover, based on an initial energy yield modelling of larger wind turbine (300 kW) sited 
in areas of potentially high winds making use of WAsP; there is no evidence that larger 
wind turbines would perform better than the smaller wind turbines. The capacity factor of 
the 300 kW turbines was found to be about 21 per cent (see appendix A4.3) which is lower 
than the capacity factor of 24 per cent for the 10 kW turbines as will be seen in section 
5.6.2.2. Thus, based on the turbine sizing criteria and the sustainability issues relating to 
appropriateness of modern technology for communities as was discussed in section 2; and 
he need to reduce simulation time, only the performance of 10 kW turbines was modelled 
in HOMER.  
The numbers of wind turbines considered were between 0 and 175. The maintenance cost 
was estimated at US$1,153 per 10 kW (2 per cent of capital costs) per year. The modelled 
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wind turbine lifetime was 25 years. Figure 4-17 shows the screenshot for the wind turbine 
inputs including the turbine power curve. 
 
Figure 4-17: Inputs for wind turbine simulations for grid-based systems  
(For autonomous systems, wind turbine quantities considered were between 0 and 10)  
4.4.4 Energy storage 
Energy storage is crucial for the mitigation of effects of variations of both wind and PV 
power output. The following electrical energy storage technologies were evaluated: 
pumped hydro storage26F
27
, flywheels, compressed air energy storage, flooded lead acid 
batteries, gel valve regulated lead acid batteries (GVRLA), sodium sulphur batteries, 
ZEBRA batteries, lithium ion batteries, zinc-bromide flow batteries and vanadium redox 
flow batteries [141-143]. GVRLA was preferred based on technology maturity; cycle 
efficiency; power regulation and power quality applications; load levelling and load 
following capability; seasonal storage applications; lifetime; deployment lead time; capital 
costs; operation and maintenance costs; availability of local skills in Malawi to manage the 
storage technology; and ease of transfer of management skills to local personnel in Malawi. 
The evaluation matrix is attached in appendix A4.4. Nickel cadmium batteries were not 
considered because of their potential problem of memory effect 27F
28
 [143]. Figure 4-18 
shows the characteristics of the GVRLA battery that was used to model the energy storage 
for the energy system. 
                                                 
27
 Although it was included in the evaluation, HOMER does not model PHS. 
28
 If Nickel cadmium battery is recharged before full discharge, the battery starts losing its capacity. 
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Figure 4-18: Characteristics of battery used for the modelled energy sotrage  
In summary, each battery was rated 2 V, C12028F
29
 = 1150 Ah with an allowable depth of 
discharge of 80 per cent. For the aggregated energy system, the batteries were connected in 
parallel strings of 190 batteries per string to suit the nominal inverter input voltage of 
380V. The number of battery strings considered was between 0 and 28; Figure 4-19 shows 
the inputs for the battery bank configuration. Each battery string could provide up to 349.6 
kWh of useable energy. The maximum discharge current of each battery, hence each string 
was 194 A for a continuous period of 3 hours, thus the power capacity of each string was 
73.7 kW. For the autonomous systems: for a household system, each modelled battery 
string had 12 × 2 V batteries i.e. 24 V and 22.08 kWh of useable energy. For Chipyela 
secondary school, the battery string was 24 × 2 V batteries i.e. 48 V and 44.16 kWh of 
useable energy. For Likoma secondary school and St Peter‘s hospital, the battery strings 
were 75 × 2 V batteries i.e. 150 V and 138 kWh of useable energy. 
                                                 
29
 Cn where C is the battery capacity means that the battery can be completely discharged in n hours 
providing a current . It should be noted that if the battery is discharged at a current higher than ; the 
duration to completely discharge the battery decreases but not linearly i.e. the energy capacity of the battery 
decreases at higher discharge current. For example, when discharged continuously at its allowable maximum 
current of 194 A, the battery can be completely discharged in 3 hours; reducing its energy capacity to 
 compared to its nominal capacity of 1150 Ah at a discharge current of 9.58 A for 120 
hours. Additionally, only 80 per cent of the energy can be used; hence the battery can provide the maximum 
current for 2.4 hours thus a usable energy capacity of 465 Ah   
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Figure 4-19:Battery bank configuration inputs 
For autonomous systems, the number of batteries per string was changed to 12, 24, and 75 to suit the 
modelled system voltages  
The estimated capital cost was US$806 per battery with an estimated precision of +/- 12 
per cent. The maintenance cost was estimated at US$5 per battery per year for potential 
expenses on thermal management when ambient temperature gets significantly lower or 
significantly higher than the recommended operating temperature of the battery. The float 
life29F
30
 of the battery is 18 years.  
4.4.5 Converter 
Photovoltaic power output is DC and the modelled wind turbine is DC; hence a converter 
was required to enable interconnection with the alternating current (AC) power system 
and/or the AC loads. The converter was modelled as bidirectional i.e. to work as an 
inverter (converting PV and wind turbine DC power to AC) and rectifier (to convert diesel 
generator AC power to DC to charge batteries when necessary). The capital cost was 
estimated at US$26,067.00 per 100 kW. There was a great variation in quoted prices of the 
converters; consequently the precision (based on standard deviation) of the converter 
installed costs is +/-102 per cent. Maintenance cost was estimated at US$320.00 per 100 
kW per year i.e. 1.2 per cent of capital costs.  The sizes (in kW) considered were between 
0 kW and 1,300 kW based on the expected maximum load as will be discussed later. The 
modelled efficiency was 95 per cent based on information provided by contacted suppliers. 
The expected lifetime was modelled at 10 years.  
                                                 
30
 The lifetime of the battery if it is constantly maintained at nominal voltage, in practice the lifetime will be 
lower as will be seen in the findings 
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4.4.6 System control and constraints 
The HOMER can model two dispatch strategies i.e. load-following30F
31
 and cycle-charging; 
both dispatch strategies were considered in the models for this thesis. The minimum 
renewable energy fraction for any of the photovoltaic or wind based energy systems was 
set at 10 per cent, based on the Malawi 2050 target for the penetration of new renewables; 
(see Zalengera et al [13]). Additionally, it was set that feasible solutions should only 
include systems that fully meet the electricity demand i.e. capacity shortage was set to zero. 
4.4.7 Economic factors and other costs 
The key parameters for economic modelling in HOMER are discount rate or interest on 
capital; fixed capital costs; fixed operation and maintenance costs; and project lifecycle in 
years. The discount rate was modelled at 10 per cent, calculated using equation 4-7 with 
r=35 per cent and f =22 per cent for nominal bank interest and inflation rate, respectively, 
for Malawi as of 2014. However, publicly available financial reports by ESCOM [144] 
indicated cases of interest rate at 3 per cent for finances from the Malawi Government and 
international financers. In addition, based on annual percentage rate of 3.25 per cent [145] 
and inflation rate of 1.9 per cent [146] for financing banks in the United Kingdom; 
inflation-adjusted interest rate of 1.3 per cent was considered. Also, in worst economic 
conditions, the inflation-adjusted interest rate in Malawi can rise to 15 per cent, (as also 
observed by [6] for most African countries especially if there is no reliable guarantee). 
Therefore, while 10 per cent was used as the best estimate interest rate for this thesis, a 
sensitivity analysis was applied to consider interest rates ranging from 1.3 per cent to 15 
per cent.   
Fixed charges for environmental impact assessments, access roads, licences and legal fees, 
land acquisition, development costs, and general project management were estimated at 
US$166,957 for the grid based energy systems. The fixed operation and maintenance costs 
for staff salaries and facilities such as water and electricity were estimated at US$34,435 
per year. Fixed costs for the autonomous systems were estimated at US$10,000 (for the 
household system, fixed costs were not included); fixed operation costs were not charged 
for all the autonomous systems. For all the modelled scenarios, the project lifecycle was 
assumed to be 25 years. 
                                                 
31
 In load-following mode, the diesel generator does not charge batteries whereas in cycle-charging mode it 
does. The major disadvantage with cycle charging is that is reduces battery life; but it prevents the diesel 
generator from running on low load thereby improving the generator efficiency.    
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4.4.8 Wind Resource 
The hourly wind speed data were synthesised from monthly average wind speed based on 
empirical wind statistical characteristics: Weibull k factor, the 1-hour autocorrelation31F
32 
factor, diurnal pattern strength32F
33
, and the hour of peak wind speed 33F
34
. The measured data 
was converted into an HOMER-compatible file (adding zeroes to the hours of the year 
without data) and the data file was imported to the HOMER. Based on the measured data, 
the hour of peak wind speed was 22:00 hours, the 1-hour autocorrelation factor was 0.694 
and the diurnal pattern strength was 0.613. But the Weibull k factor was obtained from the 
Wind Atlas Analysis and Application Program (WAsP) from section 4.3.2.1, the k value 
was 1.0734F
35
. Next, the monthly wind speed averages from the NASA data were entered into 
HOMER, specifying the Weibull k parameter, 1-hour autocorrelation factor, diurnal 
pattern strength, and the hour of peak wind speed determined as described above. Based on 
these inputs the HOMER generated the synthetic wind speed data. Figure 4-20 shows the 
monthly average wind speed for Likoma Island region from the NASA database [17]. 
Figure 4-21 shows the 1-hour time-step synthetic and measured wind speed extrapolated to 
a hub height of 40 m. Figure 4-22 shows the cumulative reverse Weibull distributions for 
the measured wind speed and the synthetic data for the 9 ½ months for which measured 
data was available.  
 
Figure 4-20: Monthly average wind speed at 10 m height  for Likoma Island 
Data source: [17]  
                                                 
32
 How the wind speed of a particular hour depends on the wind speed of the previous hour 
33
  A factor that determines how the wind speeds depends on the time of the day 
34
 Hour of the day that has high wind speed on average over the year 
35
 If the HOMER software were used to estimate the Weibull k factor; the added zeroes to the HOMER-
compatible data  file could have significantly affected the estimation of the k value since k significantly 
depends on the distribution of the wind speed values  
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Figure 4-21: Time-series synthetic and measured wind data  for Likoma Island at 40 m height (z0 = 0.8) 
Measured data is from 1095
th
 hour of the year to 8000
th
 hour of year (15
th
 February at 15:00 hours to 30
th
 
November at 8:00 hours – a period for which continuous data was available for the year 2010)  
 
Figure 4-22: Cumulative reverse Weibull distribution of measured and synthetic  wind data at 40m above the 
ground  
It can be seen from Figure 4-21 and Figure 4-22 that the synthetic wind compares well 
with the measured wind data. 
4.4.9 Solar Resource 
As was mentioned in section 4.3.1, the hourly radiation values were synthesised from the 
monthly average radiation values obtained from the CSR database. The HOMER applies 
the algorithm developed by Graham and Hollands [147,148] to synthesise hourly solar 
radiation. The Graham algorithm is an empirical model based on stochastic procedures, 
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and can generate hourly clearness indices from daily average radiation for each month of 
the year. The paper [147] shows that the Graham algorithm gives a close representation of 
measured data. Figure 4-23 shows the monthly average irradiation for Likoma Island. 
Based on the data presented in Figure 4-23, the annual average irradiation for Likoma 
Island is 5.57 kWh/m
2
/day. Figure 4-24 shows the synthesised hourly irradiance from the 
monthly average irradiation values.  
 
Figure 4-23:  Monthly average irradiation for Likoma Island 
Data source: [16] 
 
Figure 4-24: Sythetic irradiance for Likoma Island  
A can be seen from Figure 4-23 and Figure 4-24 the trend of the irradiance is typical for a 
latitudinal location of Likoma Island (12° S); apart from the exceptionally high irradiance 
values in November (for four days), suggesting clearness index of about 0.89 to 0.91 i.e. 
synthetic radiation of 1,225 W/m
2
 to 1,250 W/m
2
 compared to extraterrestrial radiation of 
~ 1,367 W/m
2
 [61]. This is significantly higher than empirical clearness indices such as 
those published in [61,149] ; albeit the available empirical data from published sources is 
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for high latitude areas and western longitudes. However, these four incidences represent 
less than 1 per cent of the hours in a year which may not make a significant impact on the 
annual photovoltaic power output. Generally, the synthetic data may not perfectly replicate 
the characteristics of real data for a site but the effects of the variations on simulation 
results are marginal. Validation tests by HOMER energy indicate that synthetic data 
generated based on the Graham and Hollands algorithm as above can achieve uncertainties 
of less than 5 per cent for the performance variables such as PV array output and less than 
2 per cent for economic variables such as the levelised cost of energy and the net present 
cost.  
4.4.10 Load profile 
The load profile was modelled based on data collected from households and institutions as 
was discussed in section 3.3. The key sectors contributing to the electricity demand were 
households, secondary schools, water treatment plant, hospital, and grain milling machines. 
The contribution from offices, economic activities (tourism services and market place) 
were accounted for by a percentage of the total demand from the key sectors as mentioned 
above. The electricity demand was estimated as follows.  
Electricity needs for households 
Based on the energy sources used for meeting household energy services on Likoma Island 
as will be seen in chapter 6, it was estimated that 45.4 per cent of the 1,500 households (i.e. 
681 households) had access to grid-electricity. The officer in-charge for the power station 
on Likoma Island indicated that they had about 650 household customers. This thesis uses 
the estimate from the survey since it was also mentioned by the power station officer in-
charge that there were a number of connection applications which were yet to be finalised. 
Apart from lighting as the primary use of electricity by these households; it was estimated 
from the collected data that 69 used the electricity for cooking; 588 had television screens, 
285 had refrigerators; and 426 powered their radios using electricity. Based on the number 
of rooms in houses of sampled respondents (see histogram and distribution curve in 
appendix A4.5); it was estimated that on average a household had 6 indoor light bulbs and 
3 outdoor light bulbs i.e. a house with 3 bedrooms, living room, corridor, storeroom, 
kitchen35F
36
 and veranda. The storeroom light bulb was ignored as it was assumed that access 
to the storeroom would be mostly during the day. The three outdoor light bulbs included 
the light bulb on the veranda. Lighting for toilets and bathrooms was ignored. 
                                                 
36
 Majority of the houses had kitchen outside the house but for electricity demand it is considered as an 
integral part of the house   
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The power ratings of the appliances were assumed as follows: 
 Light bulb, 15 W; refrigerator, 225 W; television, 70 W; hotplate for cooking, 
1,500 W; radio, 30 W; and satellite decoder for use together with TV, 30 W. 
The electrical appliances were assumed to be used at the followings hours: 
 All 9 light bulbs working from 18:00 hours to 20:00 hours; 8 light bulbs working 
from 20:00 hours to 22:00 hours; two light bulbs working from 22:00 hours to 5:00 
hours; and three light bulbs working from 5:00 hours to 6:00 hours. 
 Television screen and decoder working from 6:00 hours to 7:00 hours; then from 
12:00 hours to 15:00 hours; then from 18:00 hours to 22:00 hours. 
 A radio used between 6:00 hours and 22:00 hours but for the periods when the 
television screen is switched off. 
 Refrigerators working all day i.e. assuming 100 per cent duty cycle. Refrigerators 
have a typical duty cycle of 50 per cent (100 per cent for poorly operating 
refrigerators) at a standard temperature difference between the refrigerator food 
compartment and the ambient [150]. When the ambient temperature increases, the 
duty cycle (hence the energy consumption) of a refrigerator can increase by about 
2-7 per cent for every 1°C above 25 °C ambient temperature [150,151]. On Likoma 
Island, the increase in ambient temperature could be up to 5 °C based on 
temperatures shown in Figure 4-4; potentially increasing the standard duty cycle by 
25 per cent. In general, duty cycles of refrigerators in a real household environment 
especially in developing countries remain grey and needs further research. But the 
ON cycle of the refrigerator can occur at any time of the day; thus the assumption 
of 100 per cent duty cycle ensures that the system‘s power capacity is able to 
provide the refrigerator‘s power requirement at any instant of the day. Based on the 
total electricity requirement modelled for Likoma Island as shown later on page 97, 
the 100 per cent duty cycle model increases the energy requirement for the Island 
by only 6 per cent (7 per cent for the household energy requirement modelled in 
Figure 4-26) assuming the applicable duty cycle is 80 per cent. An experimental 
study [152] of refrigerator load factors (which is related to duty cycle) in warmer 
conditions similar to Likoma Island reported load factors of up to 84 per cent; 65 
per cent being the minimum.  Assumptions of duty cycles for refrigerators by other 
microgrid and standalone systems modellers range from 80 per cent [120] to 100 
per cent [121].   Nonetheless, the slight increase in the refrigerator energy 
requirement as modelled in this thesis avoids a compromise in system power 
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balance and prevents chances of the designed system to trip; thus ensuring system 
reliability especially considering that Likoma Island grid is not connected to the 
mainland grid.  
 Electrical cookers used between 5:00 hours to 6:00 hours; 10:00 hours to 12:00 
hours; and 18:00 hours to 20:00 hours. 
Based on the data collected from households, it was difficult to determine cooling load 
from fans. Potential upward variations in the load were modelled by allowing for an 
operating reserve as will be discussed later in the section. Figure 4-25 shows the profile of 
the daily household electricity demand. The details of the calculations for the modelled 
household electricity demand are attached in appendix A4.5.  
By calculating the area under the graph, the daily electricity demand for households on 
Likoma Island can be estimated at 3,189 kWh i.e. 1,163,985 kWh per year (an average of 
4.68 kWh per day per household). As can be seen from Figure 4-25, the expected 
maximum and minimum electricity demand from the households were estimated at 318 
kW (from 18:00 to 20:00 hours) and 82 kW (from 7:00 hours to 10:00 hours and from 
15:00 hours to 18:00 hours) respectively. Peaks of 200 kW and 185 kW would also be 
expected from 5:00 hours to 6:00 hours and from 10:00 hours to 12:00 hours respectively. 
Refrigeration, at 64 kW, is the base load while cooking, lighting, TV, and radio are 
responsible for the peaks. At the maximum demand, cooking contributes 33 per cent; 
lighting contributes 29 per cent, TV contributes 18 per cent; while refrigeration contributes 
20 per cent. At the minimum demand, refrigeration contributes 79 per cent and radio 
contributes 21 per cent 
 
Figure 4-25: Modelled total electricity demand for households with access to electricity on Likoma Island 
Figure 4-26 shows a modelled electricity demand for a single household.  
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Figure 4-26: Modelled electricity demand for a single household on Likoma Island 
Based on the profile shown Figure 4-26, the daily electricity needs of a household on 
Likoma Island can be estimated at 16.5 kWh i.e. annual household electricity needs of 
6,022 kWh. This is three times as high as the average household electricity demand 
estimated from Figure 4-25 because Figure 4-26 assumes all the energy needs are met 
from electricity (except water heating) where as a typical household would rely on 
firewood for cooking. Arguably, a daily energy requirement of 16.5 kWh (6,022 kWh per 
annum) may be viewed as high for a household in a developing country. However, it 
should be noted that this is a total energy requirement (including space cooling) that is 
required for comfortable living; but which is still lower than the total household energy 
consumption in developed countries. For example, according to the report published by the 
United Kingdom‘s (UK) Department of Energy and Climate Change [153], the average 
annual energy consumption for a household in the UK was about 19,600 kWh; with about 
4 000 kWh coming from electricity. Moreover, the modelled household energy demand for 
Likoma Island is consistent with the goal of addressing energy poverty and improving the 
human development index. Based on human energy requirement literature, for example, 
the IEA; Sanchez, 2010; and Modi et al, 2005 (as cited by Practical Action [42]), a 
minimum range of 1.6 kWh to 3.3 kWh of energy consumption is recommended per 
person per day. Thus, for an average family of 7 on Likoma Island; the minimum range is 
11 kWh to 23 kWh per day within which the 16.5 kWh estimated by this thesis falls. As 
can be seen from Figure 4-26, the expected maximum and minimum electricity need for a 
single household on Likoma Island is 2 kW (from 18:00 hours to 20:00 hours) and 0.26 
kW (from 7:00 hours to 10:00 hours and 15:00 hours to 18:00 hours) respectively. It can 
also be seen that peaks, slightly lower than the maximum demand, would occur from 5:00 
hours to 6:00 hours (1.9 kW) and from 10:00 hours to12:00 hours (1.8 kW). The model 
electrical load for an autonomous household system in Figure 4-26 included a cooling load 
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of fans: one for each of the three bedrooms would remain ON overnight (one fan was 
assumed to operate from 22:00 hours to 6:00 hours; two fans from 20:00 hours to provide 
for those who would go to bed earlier). For the other rooms the fans would be ON 
depending on the occupancy which was assumed as follows: 6:00 hours to 7:00 hours, 
12:00 hours to 15:00 hours, 18:00 hours to 22:00 hours for the living room; 11:00 hours to 
13:00 hours, and 18:00 hours to 20:00 hours for the kitchen. The occupancy for toilets and 
storerooms was considered negligible and therefore would not need space cooling. The 
cooling demand is provided for based on the hourly temperatures shown in Figure 4-4; and 
a maximum thermal comfort level of 24.6 ° C for Malawi as proposed by Zingano [154].   
Electricity needs for secondary schools 
There were two secondary schools on Likoma Island, namely Likoma and Chipyela which 
are described below. 
Likoma Secondary School: The school has eighty rooms for student accommodation, 8 
classrooms, a computer laboratory with 13 computers, biology laboratory, physical science 
laboratory, home economics and cookery laboratory; a dining and entertainment hall; a 
kitchen with a cold-room (not working); 5 offices, a staff room, a recreation room, and a 
library. The school uses 70 tonnes36F
37
 of firewood per month for coking students‘ meals. 
The typical student enrolment is 440 per year. For demand estimation, the number of 
computers in the computer laboratory was assumed to be 20. It was assumed that the 
school would move to electrical cooking; so a 15 kW load for cooking was included. The 
total electricity needs for the school was estimated at 209 kWh per day (76,285 kWh per 
year). Figure 4-27 shows the modelled electricity demand profile for Likoma secondary 
school. Details of the school‘s electricity needs and calculation of the time-step load are in 
appendix A4.6. 
 
Figure 4-27: Modelled electricity demand for Likoma Secondary School 
                                                 
37
 The data source from the secondary school estimated the amount based on 7 × 10 tonnes boats per month. 
The actual weight could vary from the estimation.   
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As can be seen from Figure 4-27 the modelled electricity demand for Likoma Secondary 
School has an expected maximum and minimum power requirement of 21.4 kW (4:00 
hours to 5:00 hours) and 1.85 kW (6:00 hours to 8:00 hours; 12:00 hours to 13:00 hours; 
and 17:00 hours to 18:00 hours) respectively. A peak of about 18 kW would also be 
expected from 8:00 hours to 11:00 hours and from 14:00 hours to 16:00 hours. Cooking is 
the major contributor to the peaks whereas the minimum demand is for the refrigeration 
which is the base load. 
Chipyela Secondary School: The school has twenty rooms including classrooms, offices 
and staff rooms; one computer; and one photocopier. The school also indicated plans to 
purchase a refrigerator by 2014. For long-term demand modelling, the following were 
included: 8 classrooms, a computer laboratory with 20 computers, biology laboratory, 
physical science laboratory, home economics and cookery laboratory; an entertainment 
hall; 4 offices, a staff room, a recreation room, and a library. The total electricity demand 
for the school was estimated at 39 kWh per day i.e. 14,384 kWh per year. Figure 4-28 
shows the school‘s modelled electricity demand profile. Details of the schools electricity 
needs and the calculations of the hourly load demand are included in appendix A4.7. 
 
Figure 4-28: Modelled electricity demand for Chipyela Secondary School 
As can be seen from Figure 4-28, the peak demand (about 8 kW) would be expected only 
once between 13:00 hours to 14:00 hours when the computer laboratory would be in use. 
Electricity needs for St Peter’s Hospital 
The hospital had four patients‘ wards (children, male, female, and maternity wards) one 
radio, one TV, one vaccine refrigerator, one autoclave, one oxygen concentrator, one 
suction machine, one x-ray machine, and microscopes. The hospital also indicated plans to 
purchase an anaesthetic machine, a laundry machine, and a mortuary freezer by 2015. 
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Firewood was used for cooking patients‘ meals but in this thesis a provision was made for 
electrical cooking. Up to 10 administrative offices; and a dental chair unit which were not 
indicated by the hospital were provided for. The total electricity demand for the hospital 
was estimated at 193 kWh per day i.e. 70,445 kWh per year. Figure 4-29 shows the 
hospital‘s electricity demand profile. Details of the hospital‘s energy needs and 
calculations of the hourly electricity demand are shown in appendix A4.8.  
 
Figure 4-29: Modelled electricity demand for Likoma Island Hospital (St Peter's) 
As can be seen from Figure 4-29, the base electricity demand for the hospital was 
estimated at about 4 kW and peaks of 14 kW, 20 kW and 15 kW at 04:00 hours to 05:00 
hours, 09:00 hours to 11:00 hours, and 15:00 hours to 17:00 hours respectively. 
Electricity needs for water treatment  
The following data was collected from the water treatment: 
 Two three-phase AC induction motors rated 6.2 kW (real power) and 0.9 power 
factor each for pumping water from the lake to a treatment tank; one motor 
operating at a time whilst the other is on standby; 
 Two three-phase AC induction motors, rated 24.3 kW (real power), 0.9 power 
factor each for pumping water from the treatment tank to a 1000 m
3
 distribution 
storage tank at a height of 550 m above ground level; one motor operating at a time 
whilst the other is on standby; 
 One 7.5 kW  motor for cleaning the treatment tank filters; 
 Two single phase DC motors for dosing chemicals, one rated 550 W and another 
rated 320 W; one motor operating at a time whilst the other is on standby (for 
demand estimation, the 550 W motor was used);  
 One computer and one printer were included for the cashier‘s office and the 
manager‘s office; and   
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 One 225 W refrigerator, four 45 W office cooling fans, and four 105 W outdoor 
lights were also included. 
Detailed calculations for the water-treatment‘s electricity demand profile are shown in 
appendix A4.9.  
Electricity demand for grain grinding and milling 
There are nine milling machines on the Island. Table 4-1 shows the modelled schedule for 
the milling machines. 
Table 4-1: Estimated electricity demand for grain  grinding and grain milling 
 
Electricity demand for telecommunication services 
There are two telecommunication base transceiver station (BTS) towers on Likoma Island. 
The average power rating is estimated at 3.47 kW per BTS based on a study, conducted by 
GSMA Green Power for Mobile, on power supply for telecommunication towers in 
Malawi [114]. The load includes cooling load by air conditioners, and the power 
consumption by radio equipment.  
Aggregated electricity demand 
Based on the electricity needs and demand of the sectors discussed above, an aggregated 
electricity demand was calculated and increased by 10 per cent to account for other 
services such as power for the market place, tourism services, and offices. The 10 per cent 
was a conservative decision but based on physical observations of electricity uses in the 
key offices, and the market place. The total electricity needs for Likoma Island were 
estimated at 5,002 kWh per day i.e. 1,825,743 kWh per year. Figure 4-30 shows the 
modelled profile for the aggregated electricity demand for Likoma Island. Calculations for 
aggregation of the electricity demand are shown in appendix A4.10. 
                                                 
38
 There were seven operators in total; two operators had both grinding and milling machines 
39
 The machines were scheduled for the times to improve load factor for the total demand of the Island by 
avoiding peak times of household, schools and hospital energy services. Milling could easily be planned by 
households. This should not be a problem on Likoma Island as they should have already adapted to 
intermittent services offered by the milling machines due to intermittent electricity supply from the diesel 
generators.  
Energy need Number Assumed unit 
power (W) 
Operating times 
Milling machines 937F
38
 7500 
07:00 – 10:0038F
39
; 
13:00 – 17:00 
Indoor lighting 7 15 n/a 
Outdoor Lighting 14 15 18:00 – 06:00 
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Figure 4-30: Modelled 24-hours aggregated electricity demand profile for Likoma Island 
As can be seen from Figure 4-30, the expected maximum and minimum electricity demand 
for Likoma Island were estimated at 374kW ( 18:00 hours to 20:00 hours) and 104 kW 
(17:00 hours  to 18:00 hours) respectively. Additionally, demand peaks ranging between 
241 kW and 291 kW would be expected at 05:00 hours to 06:00 hours, 08:00 hours to 
12:00 hours, and 13:00 hours to 16:00 hours. At the maximum and minimum demand, 
households contribute 85 per cent and 79 per cent respectively.  
An aggregated 14-hours load profile (for simulating the existing 14-hours electricity 
supply) was modelled based on the 24-hours aggregated electricity demand by taking off 
the load during the times when the generator is switched OFF i.e. from 22:00 hours to 
06:00 hours and from 12:00 hours to 14:00 hours. Figure 4-31 shows the modelled 14-
hours electricity demand profile. 
 
Figure 4-31: Modelled 14-hours aggregated electricity demand profile for Likoma Island 
Although the hour by hour energy electricity usage may vary a little between households, 
it should be noted that the power profile for Likoma Island modelled in this thesis as 
shown in Figure 4-30 and Figure 4-31 allowed the possibility of 69 households who use 
electricity cooking at the same time. Although this assumption make the energy demand 
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peaks sharp, it ensures that  the size of the modelled system is able to handle such peaks 
considering the similarity of household activities and lifestyles on Likoma Island as 
observed during the survey. Also, the assumption of common behaviour for users makes it 
easier when implementing the system as users can be informed when they can do the 
cooking rather than modelling (usually) stochastic variability which may not be pragmatic 
for implementation. Furthermore, modelling variability of demand in order to minimise 
peaks would mean taking a technology-centred approach which is aimed at generation-
optimisation but overlooking the capability of the modelled energy systems to handle 
worst case demand scenarios which is usually questioned about renewable energy 
technologies. Nonetheless, the modelled demand compared well with empirical power 
profile provided by ESCOM who operate the existing diesel generators (see Figure 4-32:  
6:00 to 7:00; 8:00 to 12:00 and 16:00 to 23:00 when the diesel generator was operational 
for the day‘s data which was made available for the research).  
    
Figure 4-32: Validation of Modelled Electricity Demand Profile 
The significant mismatch between the modelled and the recorded data from 16:00 to 17:00  
hours is because of load shifting in time due to the delayed dispatching of generators at 
15:00 hours instead of the usual 14:00 hours. The other mismatch (116 kW) from 18:00 
and 20:00 hours can be explained by the following: 
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i. Households eating one main meal eliminating the cooking in the evenings: It 
can be seen from Figure 4-32 that the recorded power profile was for a day in 
December in 2012. From July 2012 to May 2013, The Illala ship which is used 
by the government to supply maize (the major food) to ADMARC, the main 
outlet for maize on the Island was out of service. This resulted in food shortage 
on the Island and the surveyed households indicated that they were adjusting 
their eating habits to ensure the food reserve at the ADMARC meets with the 
next supply. Based on the data collected, it was estimated that 78 per cent of the 
households cooking using electricity (i.e. 54 out of 69) were dissatisfied with 
their food security, see Table 4-2. Thus, 54 households not cooking in the 
evenings reduces the power requirement by 81 kW. 
ii. Some users were capped in their electricity demand during the evenings 
because of the generator capacity. For example, one lodge owner, in an email to 
the researcher regarding their electricity requirement, wrote as follows: 
“Hi Collen, 
  
Arrived at the jetty when Malungu 39F
40
 was 20m off shore.  Here are the attached pictures of the form which I 
completed rather hurriedly last night.  ………. If we could have as much power as we wanted then we would 
need about 20 KVA  available for peak times (early evening).  This would be for cookers and other kitchen 
equipment, fans, air conditioners for Deluxe Chalets and lights. 
  
Heard from the TA that you arrived safely at N Bay. Sad about SA losing on the penalties. 
  
Regards,” 
The higher base load (48 kW in excess of the modelled power profile) by the operator 
from 23:00 hours could be due to households leaving light bulbs ON when they go to bed 
since they know that the generator would be switched off. Moreover, the thesis modelled 
lights as 15 W whereas the recorded data was taken before the government replaced the 
household lights (40-100W) with the energy efficient light bulbs (15 W).  
Given the above observations, and considering that the model energy system is for 25 
years lifecycle, it was reasonable not to scale down the peaks to ensure system adequacy.  
 
  
Table 4-2: Crosstabulation of household cooking energy and  household food security satisfaction (based on 
data from 192 valid responses) 
                                                 
40
  The ferry I took when returning from Likoma. The lodge owner was following me to hand in a 
questionnaire I left since he was not home when I went to collect the questionnaire. 
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 Food security satisfaction Total 
Very 
dissatisfied 
Dissatisfied Satisfied Very 
satisfied 
Cooking 
Energy 
Firewood 
Count 54 53 32 42 181 
% within 
Cooking Energy 
29.8% 29.3% 17.7% 23.2% 100.0% 
Charcoal 
Count 1 1 0 0 2 
% within 
Cooking Energy 
50.0% 50.0% 0.0% 0.0% 100.0% 
ESCOM 
Count 0 7 2 0 9 
% within 
Cooking Energy 
0.0% 77.8% 22.2% 0.0% 100.0% 
Total 
Count 55 61 34 42 192 
%  28.6% 31.8% 17.7% 21.9% 100.0% 
The next section discusses how potential distribution losses were accounted for. 
4.4.11 Modelling distribution losses and Uncertainty in load increase  
The HOMER software does not model electrical losses that occur in the distribution 
network. However, the model has a provision for specifying operating reserve. The 
operating reserve is surplus power capacity that can instantly respond to a sudden increase 
in the electric load or a sudden decrease in the renewable power output [63]. Generally, 
distribution losses are an increase in the load. Therefore in this investigation, the operating 
reserve was used to model any unexpected increase in load including distribution losses. 
This was specified at 15 per cent of the load in any time step. Of the 15 per cent, 5 per cent 
was for potential distribution losses, and 10 per cent was for potential load increases. For 
the autonomous systems, the operating reserve was set at 10 per cent. 
4.4.12 Validation of system optimisation results 
As will be seen in section 5.4, recent optimisation studies by other researchers were used 
to validate the cost factors found by this research, noting that differences could arise due to 
weather and economic differences between sites and countries.  
Additionally, the robustness of the findings was investigated by carrying out sensitivity 
analysis for variables which were prone to variability; such as PV capital cost, wind 
turbine capital cost, interest rate, diesel price and electricity demand. Thus, it was 
investigated if there would be a change in the optimal system types and their cost factors 
if: 
 PV capital costs increased by a factor of up to 2 as discussed in section 4.4.2;  
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 Wind turbine capital cost reduced by a factor down to 0.5 as was discussed in 
section 4.4.3;  
 Interest varied from between 1.3 per cent and 15 per cent as was discussed in 
section 4.4.7;  
 Diesel price increased from US$1.92 per litre to US$2.30 i.e. increase by 20 per 
cent.  
 Electricity demand increased by 30 per cent, assuming a 5 per cent annual increase 
in demand until the next 5 years; which would arise from additional household 
connections. Sensitivity to load increase was not carried out for the autonomous 
systems as essential electricity appliances which would be needed by the 
institutions within the system lifecycle were already included.  
Thus, if the optimisation at the best estimate of the sensitivity inputs (as discussed already 
in the previous sections) indicate a particular system type e.g. PV-wind-diesel as optimal 
(i.e. rank 1); the solution is considered robust if further optimisations with a variation of 
the inputs (depending on the potential uncertainties) does not change significantly the 
ranking of the initial optimal system type and its cost factors. Ideally, for a robust solution, 
the optimal system type should maintain its rank in spite of variations in the inputs. 
Additionally, the precision of the predicted NPC is discussed based on the aggregation of 
the precision of the estimated system components‘ costs as was discussed in section 4.4.2 
through section 4.4.5.  
4.5 Chapter Summary 
The techno-economic feasibility of photovoltaic and wind generated electricity, relative to 
diesel generators, was modelled and optimised by the Hybrid Optimisation Model for 
Electric Renewables. As part of the feasibility assessment: 
 Costs for photovoltaic and wind energy systems were estimated based on 
quotations from suppliers and estimates of installation costs. 
 The electricity demand for Likoma Island and selected essential services was 
modelled based on empirical data collected from households and institutions. The 
modelled electricity demand showed that the expected daily minimum and 
maximum power requirement for Likoma Island is 104 kW and 374 kW 
respectively. 
 Wind resource maps (at 10 m, 25 m, 40 m, and 50 m above the ground) have been 
developed based on 9 ½ months measured data by making use of WAsP; in order 
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to enable identification of potential sites for detailed wind resource assessment and 
wind turbine installations. 
Due to the incompleteness of measured wind speed and solar radiation data, the energy 
systems simulations and optimisations made use of synthetic solar and wind data produced 
by use of validated empirical models and algorithms built in the HOMER software. 
Although the synthetic wind and solar data might not have perfectly replicated empirical 
data, the produced synthetic data showed characteristics which are typical of solar and 
wind resources of Likoma Island. 
The next chapter presents the findings of the optimisations. Thereafter in chapter 6, the 
socioeconomic conditions of Likoma Island are presented; and chapter 7 discusses a 
proposed deployment model for the potential alternative energy systems and their 
livelihood impacts before presenting the thesis conclusions in chapter 8. 
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Chapter 5 : Optimisation Results for the Techno-economic 
Feasibility of Model Energy Systems for Likoma Island  
5.1 Introduction 
This chapter presents the results of the optimisation of energy systems as modelled in the 
previous chapter for the following scenarios:  
 electricity supply for 14 hours per day by diesel generators alone i.e. 6:00 hours to 
12:00 hours and 14:00 hours to 22:00 hours (model for the existing supply 
schedule);  
 electricity supply for 24 hours every day by diesel generators;  
 electricity supply for 14 hours per day by photovoltaic/wind based generation with 
or without diesel generators and battery storage;  
 electricity supply for 24 hours per day by photovoltaic/wind based generation with 
or without diesel generators and battery storage; 
 autonomous photovoltaic and wind based system for a single household; 
 autonomous photovoltaic and wind based system St Peter‘s hospital;  
 autonomous photovoltaic and wind based system for Likoma secondary school; 
and 
 autonomous photovoltaic system for Chipyela secondary school. 
Thus, section 5.2 presents the simulated costs for diesel-fired electricity generation. 
Section 5.3 presents the feasible photovoltaic and wind based energy systems along with 
their cost factors. Section 5.4 presents sensitivity results in order to analyse the robustness 
of the optimisation results. Section 5.5 compares the costs for diesel-fired electricity with 
photovoltaic and wind based electricity generation. Section 5.6 discusses the predicted 
performance of the optimal hybrid system for 24-hours electricity supply. Section 5.7 
discusses the optimal autonomous systems. The chapter summary is presented in section 
5.8. 
5.2. Simulated Costs for Diesel- fired Generators for Likoma Island 
Table 5-1 and Table 5-2 present a summary of simulation results for the electricity supply 
options for Likoma Island by diesel generators based on the inputs discussed in section 
4.4. The tables show feasible combinations of three 200 kW diesel generators that can 
meet the modelled load for Likoma Island. Key economic parameters are also indicated for 
each system configuration.  
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Table 5-1: Summary of simulation results for 14-hours electricity supply by diesel generators  for Likoma 
Island (at 10% interest rate and lifecycle of 25 years) 
Rank System configuration Economic parameters 
D-G1 
(kW) 
D-G2 
(kW) 
D-G3 
(kW) 
Total 
Capital 
Cost 
(US$) 
Total NPC 
(US$) 
Operating 
Cost 
(US$/year) 
COE 
(US$/kWh) 
Diesel 
Consumption 
(litres/year) 
1 200 200 200 0 10,176,067.00 1,121,078.00 0.888 542,235 
Table 5-2: Summary of simulation results for 24-hours electricity supply by diesel generators for Likoma 
Island (at 10% interest rate and lifecycle of 25 years) 
Rank System configuration Economic parameters 
D-G1 
(kW) 
D-G2 
(kW) 
D-G3 
(kW) 
Total 
Capital 
Cost 
(US$) 
Total NPC 
(US$) 
Operating 
Cost 
(US$/year) 
COE 
(US$/kWh) 
Diesel 
Consumption 
(litres/year) 
1
 
200 200 200 0 14,639,251.00 1,612,778.00 0.883 787,155 
It can be seen from Table 5-1 and Table 5-2 that based on the electricity needs as assessed 
by this research, all the three diesel generators are required to operate. The results shown 
in Table 5-1 indicate that the cost of electricity generation on Likoma Island can be 
estimated at US$0.888 per kWh. With the COE for the 24-hours supply at US$0.883, there 
is an insignificant difference of COE between the two supply scenarios. As was discussed 
in section 4.2, the cost of diesel-fired electricity presented in Table 5-1 and Table 5-2 
factored out diesel price increase due to the limitations of HOMER‘s financial analysis. 
With an annual increase of diesel price, the cost of diesel-fired electricity on Likoma 
Island is expected to increase. For example, the sensitivity results in section 5.4.2 show 
that an overall diesel price increase of 20 per cent over the 25 years project life time would 
increase the cost of the diesel-fired electricity to US$1.05 per kWh; and Excel modelling 
shows that a 5 per cent annual increase of diesel price would put the levelised cost of the 
diesel-fired electricity at US$1.31 per kWh; see Table 5-3.  
Based on the results presented in Table 5-1 and Table 5-2, it can be shown that supplying 
electricity for 24-hours with diesel generators would raise the operation and lifecycle costs 
by 44 per cent; and diesel consumption by 45 per cent compared to the costs of 14-hours 
supply schedule. The International Renewable Energy Agency [6] reported an average cost 
range between US$0.35 per kWh and US$0.55 per kWh for diesel-fired electricity in the 
pacific Islands; but noted that the cost could reach US$2.00 per kWh for remote small 
scale applications. In another study [155], Hafez et al found the COE of diesel-fired 
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electricity to be US$0.902 per kWh for supplying a model rural community with a daily 
electricity demand similar to that of Likoma Island. The operator of the diesel generators 
on Likoma Island, ESCOM, could not provide any financial data for validation of the 
findings above. However, in a meeting with the executive management; it was indicated 
that the generators on Likoma Island are operated as part of ESCOM‘s social 
responsibility. 
Table 5-3: Cashflow for diesel-fired electricity with a 5 per cent increase of diesel price per annum for the 
14-hours generation schedule 
Year Diesel cost 
(US$) 
O&M 
(US$) 
Replacement 
(US$) 
Salvage 
(US$) 
Total 
Operating 
cost (US$) 
Discount 
factor 
(US$) 
NPC (US$) 
1 1,041,091.20  78,892.00      1,119,983.20  0.909    1,018,166.55  
2 1,093,145.76  78,892.00      1,172,037.76  0.826       968,626.25  
3 1,147,803.05  78,892.00      1,226,695.05   0.751    921,634.15 
4 1,205,193.20  78,892.00      1,284,085.20  0.683       877,047.47  
5 1,265,452.86  78,892.00      1,344,344.86  0.621       834,732.39  
6 1,328,725.50   78,892.00      5,000.00    1,412,617.50  0.564       797,385.75  
7 1,395,161.78  78,892.00      5,000.00    1,479,053.78  0.513       758,988.45  
8 1,464,919.87  78,892.00      1,543,811.87  0.467       720,199.63  
9 1,538,165.86  78,892.00      1,617,057.86  0.424       685,790.39  
10 1,615,074.15  78,892.00      1,693,966.15  0.386       653,097.28  
11 1,695,827.86  78,892.00      1,774,719.86  0.350       622,028.48  
12 1,780,619.25  78,892.00       5,000.00    1,864,511.25  0.319       594,090.75  
13 1,869,650.22  78,892.00      1,948,542.22  0.290       564,423.27  
14 1,963,132.73  78,892.00       5,000.00    2,047,024.73  0.263       539,045.59  
15 2,061,289.36   8,892.00      2,140,181.36  0.239       512,342.40  
16 2,164,353.83  78,892.00      2,243,245.83  0.218       488,195.65  
17 2,272,571.52  78,892.00      2,351,463.52  0.198       465,224.52  
18 2,386,200.10  78,892.00       5,000.00    2,470,092.10  0.180       444,267.78  
19 2,505,510.11  78,892.00      2,584,402.11  0.164       422,570.40  
20 2,630,785.61  78,892.00      2,709,677.61  0.149       402,776.31  
21 2,762,324.89  78,892.00       5,000.00    2,846,216.89  0.135       384,610.91  
22 2,900,441.14  78,892.00      2,979,333.14  0.123       365,999.08  
23 3,045,463.19  78,892.00      3,124,355.19  0.112       348,922.23  
24 3,197,736.35  78,892.00       5,000.00    3,281,628.35  0.102       333,169.28  
25 3,357,623.17  78,892.00    -7,417.00  3,429,098.17  0.092       316,492.04  
Total Net Present Cost (US$) 15,039,827.00  
Annualised Cost (US$)   1,656,908.75  
Annual Electricity Demand (kWh) 1262535 
Levelised Cost of Energy (US$/kWh)                 1.31 
 Next, Table 5-4 presents the emissions associated with each of the two electricity supply 
schedules for the diesel generators i.e. for 14 hours per day and for 24 hours per day. The 
emissions are internalised i.e. they are based on generator diesel consumptions alone and 
exclude emissions arising from the supply chain logistics.  
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Table 5-4: Simulated emissions from  diesel-fired  electricity generaton 
Pollutant Amount (kg/year) 
Based on 14 hours 
electricity supply per day 
Based on 24 hours electricity 
supply per day 
Carbon dioxide 1,427,883 2,072,838 
Carbon monoxide 3,525 5,117 
Unburned hydrocarbons 390 567 
Particulate matter 266 386 
Sulphur dioxide 2,867 4,163 
Nitrogen oxides 31,450 45,655 
It can be shown from Table 5-4 that if the diesel generators provided electricity for 24-
hours, the emissions would increase by 45 per cent from the 14-hours supply emission 
levels due to increased diesel consumption. 
The next section presents the optimisation results for the integration of photovoltaic and 
wind generated electricity.  
5.3 Optimisation Results for Photovoltaic and Wind Electricity 
Integration 
Table 5-5 and Table 5-6 show the optimisation results for the models of photovoltaic and 
wind based generation systems for 14-hours and 24-hours of electricity supply respectively. 
The results show configurations of feasible systems ranked in ascending order of their net 
present costs. Thus, a system which is ranked 1 represents the most economical 
configuration for meeting the electricity demand and all the specified system constraints as 
was discussed in section 4.4. Based on the simulation results, the selected optimal 
alternative energy systems for Likoma Island are those with the following ranks: 
From Table 5-5 (for 14-hours electricity supply):  
 1, PV-diesel-battery system, which is the overall optimal of the system categories;  
 5, the optimal in the category of PV-wind-diesel-battery systems; 
 15, the optimal in the category of PV-battery systems; 
 16, the optimal in the category of PV-wind-battery systems;  
 19, the optimal in the category of wind-diesel-battery systems; and 
 27, the optimal in the category of wind-battery systems. 
From Table 5-6 (for 24-hours electricity supply):   
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 1, PV-wind-diesel-battery system, which is the overall optimal of the system 
categories;  
 5, the optimal in the category of PV-diesel-battery systems; 
 15, the optimal in the category of PV-wind-battery systems; 
 17, the optimal in the category of PV-battery systems; and 
 19, the optimal in the category of wind-diesel-battery system. 
In Table 5-5, the systems ranked 2, 3, 4 are equivalent i.e. all the technical parameters and 
merit factors are equal except that each of the systems has one of the three diesel 
generators (D-G1, D-G2 or D-G3). Similarly, systems 9, 10, 11; they only differ in the 
combination of two of the three diesel generators (D-G1 and D-G2; D-G1 and D-G3; or 
DG2 and D-G3). In practice each of the systems in the group with any one of the diesel 
generators or the group with any two of the diesel generators should operate in the same 
manner since the diesel generators are identical. A similar trend exists in Table 5-6. This is 
because the HOMER does not physically know that the generators are identical; so it 
carries out calculations for all possible combinations.   
Apart from the system configurations and cost factors, Table 5-5 and Table 5-6 also show 
the renewable fraction and excess electricity. The renewable fraction is the proportion of 
electricity demand that is met from renewable source i.e. photovoltaic array and/or wind 
turbines. Excess electricity is produced when photovoltaic and/or wind power output is 
higher than demand and the available storage capacity. The excess electricity is usually 
curtailed but as will be seen in Table 5-15 and Table 5-16, if the curtailment were avoided, 
the LCOE for the systems would improve significantly; subsequently enhancing the 
systems‘ economic competitiveness. Potential productive uses of excess electricity for 
reducing curtailment are discussed in chapter 7 along with a proposed deployment model 
for the alternative energy systems. The next section discusses results of the sensitivity 
analyses as was described in section 4.4.12. 
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Table 5-5: Summary of optimisation  results for 14-hours electricity supply by photovoltaic/wind based generation for Likoma Island (at 10% interest rate and lifecycle of 25 years). 
DC WTG means direct current wind turbine generator; LF means load following; CC means cycle charging; NPC means total present cost; and LCOE means levelised cost of energy    
System 
preference 
Technical parameters Merit factors 
Ranking PV (kW) 10kW DC WTG 
(Number) 
 
D-G1 
(kW) 
D-G2 
(kW) 
D-G3 
(kW) 
Battery 
Bank 
(Number 
of 
batteries) 
Converter 
(kW) 
Dispatch 
Strategy 
 
Total Capital 
Cost 
(US$ ) 
Total NPC 
(US$ ) 
Operating 
Cost 
(US$/year) 
COE 
(US$/kWh) 
Renewable 
energy 
Fraction 
 
Excess 
Electricity 
(kWh/year) 
Diesel 
consumption 
litres/year 
Battery Life. 
(years) 
1 1,000 0 200 200 200 1,520 500 LF 2,706,937 5,104,614 264,147 0.445 0.940 456,322 36,411 6.3 
2 1,250 0 200 200 0 1,330 500 LF 2,847,428 5,134,325 251,943 0.448 0.950 890,483 26,823 5.5 
3 1,250 0 200 0 200 1,330 500 LF 2,847,428 5,134,325 251,943 0.448 0.950 890,483 26,823 5.5 
4 1,250 0 0 200 200 1,330 500 LF 2,847,428 5,134,325 251,943 0.448 0.950 890,483 26,823 5.5 
5 1,000 5 200 200 0 1,330 500 LF 2,842,022 5,172,297 256,722 0.451 0.950 556,078 31,287 5.8 
6 1,000 5 200 0 200 1,330 500 LF 2,842,022 5,172,297 256,722 0.451 0.950 556,078 31,287 5.8 
7 1,000 5 0 200 200 1,330 500 LF 2,842,022 5,172,297 256,722 0.451 0.950 556,078 31,287 5.8 
8 1,000 5 200 200 200 1,330 500 LF 2,842,022 5,183,309 257,935 0.452 0.950 556,078 31,863 5.8 
9 1,500 0 200 0 0 3,040 500 LF 4,519,320 5,992,217 162,266 0.523 1.000 1,276,656 1,108 11.6 
10 1,500 0 0 200 0 3,040 500 LF 4,519,320 5,992,217 162,266 0.523 1.000 1,276,656 1,108 11.6 
11 1,500 0 0 0 200 3,040 500 LF 4,519,320 5,992,217 162,266 0.523 1.000 1,276,656 1,108 11.6 
12 1,500 10 200 0 0 2,280 500 LF 4,483,210 6,062,872 174,028 0.529 1.000 1,501,749 1,218 9.9 
13 1,500 10 0 200 0 2,280 500 LF 4,483,210 6,062,872 174,028 0.529 1.000 1,501,749 1,218 9.9 
14 1,500 10 0 0 200 2,280 500 LF 4,483,210 6,062,872 174,028 0.529 1.000 1,501,749 1,218 9.9 
15 1,500 0 0 0 0 3,420 500 CC 4,825,600 6,188,798 150,181 0.54 1.000 1,273,147 0 13 
16 1,500 5 0 0 0 3,040 500 CC 4,807,545 6,203,639 153,805 0.542 1.000 1,386,144 0 12.3 
19
a 
0 40 200 200 200 1,140 500 LF 3,521,932 9,964,012 709,712 0.87 0.550 21,173 254,094 6.2 
21
a 
0 100 200 200 0 1,710 500 LF 7,440,052 11,810,874 481,525 1.031 0.910 717,907 50,493 5 
22 0 100 200 0 200 1,710 500 LF 7,440,052 11,810,874 481,525 1.031 0.910 717,907 50,493 5 
23 0 100 0 200 200 1,710 500 LF 7,440,052 11,810,874 481,525 1.031 0.910 717,907 50,493 5 
24 0 40 200 0 0 570 500 CC 3,062,512 12,917,685 1,085,726 1.127 0.130 602,488 469,907 6.2 
25 0 40 0 200 0 570 500 CC 3,062,512 12,917,685 1,085,726 1.127 0.130 602,488 469,907 6.2 
26 0 40 0 0 200 570 500 CC 3,062,512 12,917,685 1,085,726 1.127 0.130 602,488 469,907 6.2 
27 0 150 0 0 0 4,560 500 CC 12,619,402 15,967,678 
368,873 1.394 
1.000 1,632,499 0 12.2 
a 
the discontinuity of numbers from the preceding number is due to the systems which were removed from the table due to potential of system unbalance because of no battery storage. 
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Table 5-6: Summary of optimisation  results for 24-hours electricity supply by photovoltaic/wind based generation for Likoma Island (at 10% interest rate and lifecycle of 25 years) 
DC WTG means direct current wind turbine generator; LF means load following; CC means cycle charging; NPC means total present cost; and LCOE means levelised cost of energy  
System preference Technical parameters Merit factors 
Ranking PV 
(kW) 
10kW DC  
WTG 
(Number) 
 
D-G1 
(kW) 
D-G2 
(kW) 
D-G3 
(kW) 
Battery Bank 
(Number of batteries) 
Converter 
(kW) 
Dispatch 
Strategy 
 
Total 
Capital Cost 
(US$ ) 
Total NPC 
(US$ ) 
Operating 
Cost 
(US$/year) 
COE 
(US$/kWh) 
Renewable 
Energy 
Fraction 
 
Excess 
Electricity 
(kWh/year) 
Diesel 
Consumption 
(litres/year) 
Battery 
Life. 
(years) 
1 1,250 15 200 200 0 1,710 500 LF 4,018,383 7,302,180 361,770 0.4410 0.940 620,526 47,719 5.4 
2 1,250 15 200 0 200 1,710 500 LF 4,018,383 7,302,180 361,770 0.4410 0.940 620,526 47,719 5.4 
3 1,250 15 0 200 200 1,710 500 LF 4,018,383 7,302,180 361,770 0.4410 0.940 620,526 47,719 5.4 
4 1,250 15 200 200 200 1,710 500 LF 4,018,383 7,311,281 362,772 0.4410 0.940 620,526 48,199 5.4 
5 1,500 0 200 200 0 1,900 500 LF 3,600,480 7,493,920 428,933 0.4520 0.920 757,699 61,238 4.8 
6 1,500 0 200 0 200 1,900 500 LF 3,600,480 7,493,920 428,933 0.4520 0.920 757,699 61,238 4.8 
7 1,500 0 0 200 200 1,900 500 LF 3,600,480 7,493,920 428,933 0.4520 0.920 757,699 61,238 4.8 
8 1,500 0 200 200 200 1,900 500 LF 3,600,480 7,507,482 430,427 0.4530 0.920 757,699 61,942 4.8 
9 2,000 15 200 0 0 3,040 500 LF 5,971,257 8,287,795 255,209 0.5000 1.000 1,869,083 3,363 8.7 
10 2,000 15 0 200 0 3,040 500 LF 5,971,257 8,287,795 255,209 0.5000 1.000 1,869,083 3,363 8.7 
11 2,000 15 0 0 200 3,040 500 LF 5,971,257 8,287,795 255,209 0.5000 1.000 1,869,083 3,363 8.7 
12 2,500 0 200 0 0 3,420 500 LF 6,000,125 8,759,202 303,962 0.5290 1.000 2,419,358 3,872 7.7 
13 2,500 0 0 200 0 3,420 500 LF 6,000,125 8,759,202 303,962 0.5290 1.000 2,419,358 3,872 7.7 
14 2,500 0 0 0 200 3,420 500 LF 6,000,125 8,759,202 303,962 0.5290 1.000 2,419,358 3,872 7.7 
15 2,000 15 0 0 0 4,180 500 CC 6,890,097 8,858,867 216,896 0.5350 1.000 1,859,369 0 11.8 
17a 2,500 0 0 0 0 4,750 500 CC 7,072,105 9,429,621 259,723 0.5690 1.000 2,407,231 0 10.6 
19a 0 65 200 200 200 1,330 500 LF 5,116,197 13,303,041 901,929 0.8030 0.610 59,244 312,410 5.4 
21a 0 25 200 0 0 760 500 CC 2,350,977 14,143,326 1,299,140 0.8530 0.190 88,213 583,292 6.6 
22 0 25 0 200 0 760 500 CC 2,350,977 14,143,326 1,299,140 0.8530 0.190 88,213 583,292 6.6 
23 0 25 0 0 200 760 500 CC 2,350,977 14,143,326 1,299,140 0.8530 0.190 88,213 583,292 6.6 
a the discontinuity of numbers from the preceding number is due to the systems which were removed from the table due to potential of system unbalance because of no battery storage.  
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5.4 Validation and Results of Sensitivity Analyses  
As it was pointed out in section 4.4.12  comparing, optimisation results of renewable energy 
systems is difficult because of site and country specific factors such as available wind and 
solar resource, diesel prices, interest rates, labour costs, and operation and maintenance costs. 
Nonetheless, the following recent studies were found from the literature. 
 Adaramola et al [156] optimised a hybrid system for application in Ghana and 
predicted an LCOE of US$0.28 per kWh for a PV-wind diesel-battery battery system. 
This is relatively lower compared to the results for Likoma Island (at US$0.441 per 
kWh). However, for Adaramola‘s study, the applicable interest rate was 2.2 per cent 
which is significantly lower than the 10 per cent applicable for this research. Also, the 
diesel price was US$0.95 per litre, about half the diesel price for Likoma Island. But 
as will be seen later, in the sensitivity analysis; at interest rates lower than 3 per cent, 
the optimisation results for this work predicted an LCOE of less than US$0.32 per 
kWh for the PV-wind-diesel-battery system. 
 In the same study [156], the optimised LCOE for PV-diesel-battery system was 
US$0.333 while for this thesis the LCOE was US$0.445 which also went down to 
below US$0.34 per kWh at interest rates below 3 per cent. For a similar system i.e. 
PV-diesel-battery; Blum et al [117] predicted an LCOE of US$0.39 at 12 per cent 
interest rate (close to base 10 per cent used in this thesis) but the diesel price used by 
Blum et al [117] was US$0.38 per litre which is five times lower than the cost of 
diesel for the Likoma Island case (US$1.92 per litre)  
Next the robustness of the optimisation results is discussed.  
5.4.1 Robustness of Optimisation Results 
As was pointed out in section 4.4.12, the robustness of the optimisations is examined by the 
consistency of the optimal system type as the sensitivity inputs change. The potential 
variations of interest rate, electricity demand, diesel prices, and PV array and wind turbine 
costs discussed in section 4.4.12 resulted in 64 sensitivity cases. For each of the 64 sensitivity 
cases, PV-wind-diesel-battery system consistently came out as the overall optimal system for 
the 24-hours electricity supply. The Table of results for the sensitivity cases is presented in 
appendix A5.1. For the 14-hours electricity supply, at the best estimate of the sensitivity 
inputs, the optimal system was PV-diesel battery as was shown in the previous section in 
Table 5-5. However, the optimal system changed to PV-wind-diesel-battery for sensitivity 
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cases with the PV array capital costs doubled and/or the wind turbine capital costs halved. 
But the differences between the cost factors for the two alternating system types i.e. PV-
diesel-battery compared to PV-wind-diesel-battery were marginal (see appendix A5.2). But 
henceforth, the main focus of the thesis is on the 24-hours electricity supply, so the next 
section discusses the sensitivity of the cost factors for the optimal PV-wind-diesel-battery 
system supplying electricity for 24 hours every day. 
5.4.2 Sensitivity and Precision of Net Present Costs (NPC) and Levelised Cost of 
Energy (LCOE) for the Optimal PV-Wind-Diesel-Battery System   
Figure 5-1 shows how the total net present cost of the PV-wind-diesel-battery system (for 24-
hours supply) could vary with variations of the sensitivity inputs.  
 
Figure 5-1: Sensitivity of net present costs for a PV-wind-diesel-battery  system supplying power for 24 hours 
Best estimate values: daily load = 5, 002 kWh, PV capital cost = US$1,174.53 /kW, diesel price = US$1.92/litre, 
wind capital cost =US$5764.50/kW, annual interest rate = 10 per cent 
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In Figure 5-1 and similar figures that follow, the origin of the graph lines is at the meeting-
point where the sensitivity inputs shown by the graph lines are equal to the best estimate 
values as shown by the unity-value relative to the best estimate on the horizontal axis. At this 
point, the NPC on the vertical axis is equal to the predicted value as shown previously i.e. 
US$7,300,000. Each of the graph lines then shows how the NPC changes as the sensitivity 
input varies relative to its best estimate value by factors above unity (to the right) and below 
unity (to the left). Thus, the following observations can be made from Figure 5-1: 
 If the interest rate would vary by a factor between 0.13 and 1.5 relative to the 10 per 
cent estimate (i.e. a relative range of -87 per cent to 50 per cent in interest on capital 
as was discussed in section 4.4.7) as shown by the light blue line; the NPC would vary 
between US$11,500,000 and US$6,200,000 i.e. based on the best estimate NPC of 
US$7,300,000; this represent a possible range of -15 per cent to 58 per cent 
uncertainty in the NPC of the optimal hybrid system. 
At lower interest rate relative to the best estimate, 10 per cent, money loses less value 
with time, see equation 4-6; thus, future costs make a higher contribution to the system 
lifecycle costs hence the NPC increases. At higher interest rate relative to the best 
estimate 10 per cent; future costs make a lower contribution to the system lifecycle costs 
hence the NPC decreases.  
 If the load would increase by a factor of up to 1.30 relative to the baseline estimate of 
5,002 kWh per day as shown by the sky-blue line, the optimised NPC would change 
to US$9,300,000 i.e. uncertainty of 30 per cent in energy demand presents 27 per cent 
uncertainty in NPC of the optimal hybrid system;  
With a higher load, a larger system is required which increases the system lifecycle costs. 
 If the PV capital cost would vary by a factor of up to 2 (allowing a maximum 
uncertainty of 100 per cent in the PV installed costs as was discussed in section 4.4.2) 
relative to the best estimate of US$1,175 per kW as shown by the green line, the 
optimised NPC would increase to US$8,500,000 i.e. a 100 per cent uncertainty in PV 
installed costs would make the NPC to increase by up to 16 per cent; 
 If the wind turbine capital cost would vary by a factor down to 0.5 relative to the best 
estimate of US$5764.50/kW as shown by the yellow line i.e. allowing for up to -50 
per cent uncertainty in installed costs of wind turbines, the optimised  NPC would 
114 
   
reduce to US$6,700,000 i.e. the -50 per cent uncertainty in installed costs of wind 
turbine present an uncertainty of  -8 per cent; and 
 If the diesel price would vary by a factor of up to 1.2 relative to the best estimate of 
US$1.92 per litre as shown by the orange line (allowing up to 20 per cent uncertainty 
in the diesel fuel price), the optimised NPC would increase up to US$7,500,000 i.e. 
the diesel fuel uncertainty presents up to 3 per cent uncertainty in the NPC of the 
hybrid system. With diesel generators contributing only 6 per cent of the total energy 
requirement (as was shown in Table 5-6), the effect of diesel price is less compared to 
when there is 100 per cent reliance on diesel generators.        
Figure 5-2 shows how the levelised cost of energy for the PV-wind-diesel-battery system 
could vary from the US$0.441 per kWh (LCOE at the best estimate values) with variations of 
the sensitivity inputs.  
 
Figure 5-2: Sensitivity of levelised cost of energy for a PV-wind-diesel-battery  system supplying power for 24 
hours 
Best estimate values: daily load = 5,002 kWh, PV capital cost = US$1,174.53/kW, diesel price = US$1.92/litre, 
wind capital cost =US$5764.50/kW, annual interest rate = 10 per cent 
Figure 5-2 shows that: 
 If the interest rate would vary by a factor between 0.13 and 1.5 relative to the 10 per 
cent estimate (i.e. between 1.3 per cent  and 15 per cent ) as shown by the light-blue 
line; the LCOE would vary between US$0.296 per kWh and US$0.523 per kWh i.e. 
uncertainty of -87 per cent to 50 per cent  in the interest rate presents an uncertainty 
range of -33 per cent to 18 per cent on the LCOE by the optimal hybrid system;  
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 If the load would increase by a factor of up to 1.30 relative to the baseline estimate of 
5,002 kWh per day as shown by the sky-blue line, the optimised system would have a 
lower LCOE of up to US$0.432 per kWh i.e. a 30 per cent uncertainty in load  
demand presents an uncertainty of 2 per cent in the LCOE ;  
 If the PV capital cost would vary by a factor of up to 2 relative to the best estimate of 
US$1,174.53 per kW as shown by the orange line, the LCOE of the optimised system 
would increase by up to US$0.515 per kWh i.e. the 100 per cent uncertainty in PV 
costs presents a 17 per cent uncertainty in the LCOE; 
 If the wind capital cost would vary by a factor of up to 0.5 relative to the best estimate 
of US$5,764.50 per kW as shown by the orange line, the LCOE of the optimised 
system would go down to US$0.405 per kWh i.e. the -50 per cent uncertainty in 
installed costs of wind present a -8 per cent  uncertainty in the LCOE ; and 
 If the diesel price would vary by a factor of up to 1.2 relative to the best estimate of 
US$1.92 per litre as shown by the orange line, the LCOE of the optimised system 
would increase to US$0.451 per kWh i.e. a 2 per cent uncertainty in the LCOE. 
The sensitivity results for the 14-hours electricity supply by the diesel generators are shown 
in Figure 5-3 and Figure 5-4. 
 
Figure 5-3: Sensitivity of the LCOE for diesel generators supplying electricity for 14 hours per day  
Best estimate values: diesel price = US$1.92 per litre, daily load profile =3,459 kWh/day, interest rate = 10 per 
cent 
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Figure 5-4: Sensitivity of NPC of diesel generator system suppying power for 14 hours  per day  
Best estimate values: diesel price = US$1.92 per litre, daily load profile =3,459 kWh/day, interest rate = 10 per 
cent 
Figure 5-3 shows that for the 14-hours supply schedule using diesel generators alone: 
 Variation of interest rate by a factor of 0.13 and 1.5 relative to the 10 per cent best 
estimate (uncertainty of -87 per cent to 50 per cent in interest rate) has no effect on 
the LCOE; 
 Variation of electricity demand by up to 1.30 relative to the best estimate of 3,459 
kWh per day would reduce the LCOE to US$0.839 i.e. 30 per cent uncertainty in load 
demand presents -5 per cent uncertainty in LCOE. This would happen due to 
increased efficiency because of improved loading of generators; and 
 Variation of diesel price by up to 1.20 relative to the best estimate of US$1.92 per 
litre would increase the LCOE to US$1.051 per kWh i.e. a 20 per cent uncertainty in 
diesel price presents 18 per cent uncertainty in the LCOE of diesel-fired electricity. 
 Figure 5-4 shows that for the 14-hours supply scenario with diesel generators alone: 
 Variation of interest rate by a factor between 0.13 and 1.5 relative to the 10 per cent 
best estimate (i.e. between 1.3 per cent and 15 per cent) would vary the NPC 
between.US$23,798,300 and US$7,246,200 i.e. -87 per cent to 50 per cent uncertainty 
in interest on capital presents  -28 per cent to 133 per cent uncertainty in the NPC of 
diesel-fired electricity; 
 Variation of load by up to 1.30 relative to the best estimate of 3,459 kWh per day 
would increase the NPC to US$12,507,200 i.e. 30 per cent uncertainty in load demand 
presents a 23 per cent uncertainty in NPC of the diesel-fired electricity; and 
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 Variation of diesel price by up to 1.20 relative to the best estimate of US$1.92 per 
litre would increase the NPC to US$12,046,300 i.e. 18 per cent uncertainty in NPC. 
Table 5-7 to Table 5-14 present the comparison between diesel-fired electricity cost factors 
and optimal hybrid system cost factors taking into account possible values of sensitivity 
inputs within the uncertainty limits as described above.  Also, as was discussed in section 
4.4.12, the predicted NPC for the PV-wind-diesel battery system are expressed to the nearest 
US$100 thousand with an indication of a percentage precision (in parentheses) based on 
aggregation of cost estimate precisions of the key system components. The NPC for the 
diesel-fired electricity are expressed to the nearest US$100 noting that the diesel price which 
is the major contributor to the diesel-fired electricity costs was the true value although a 
slight but insignificant imprecision would be expected due to possibilities of variations in the 
operation and maintenance costs.  .         
Table 5-7: Optimisation results at the best estimate of sensitvity inputs  
Best estimate values: daily load for 24-hours supply = 5,002kWh/day; daily load for 14-hours supply =3,459 
kWh/day; annual interest rate = 10 per cent; diesel price = US$1.92/litre; PV capital cost = 1,174.53/kW; wind 
turbine capital cost = US$5,764.50/kW 
System type NPC 
(US$) 
LCOE (US$ per kWh) 
Diesel generators, 14-hours supply (base case) 10,176,000 0.888 
Optimal PV-wind-diesel-battery, 24-hours supply 7,300,000 
(+/- 13%) 
0.441 
Table 5-8: Optimisation results at 1.3 per cent interest rate 
System type NPC 
(US$) 
LCOE (US$ per kWh) 
Diesel generators, 14-hours supply (base case) 23,798,300 0.888 
Optimal PV-wind-diesel-battery, 24-hours supply 11,400,000 
(+/-14%) 
0.296 
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Table 5-9: Optimisation results at 3 per cent interest rate 
System type NPC (US$) LCOE (US$ per kWh) 
Diesel generators, 14-hours supply (base case) 19,522,200 0.888 
Optimal PV-wind-diesel-battery, 24-hours supply 10,300,000 
(+/- 13 %) 
0.3250 
Table 5-10: Optimisation results at 15 per cent interest rate 
System type NPC (US$) LCOE (US$ per kWh) 
Diesel generators, 14-hours supply (base case) 7,246,200 0.888 
Optimal PV-wind-diesel-battery, 24-hours supply 6,200,000 
(+/- 13%) 
0.523 
Table 5-11: Optimisation results if load increased by a factor of 1.3 
System type NPC (US$) LCOE (US$ per kWh) 
Diesel generators, 14-hours supply (base case) 12,507,200 0.839 
Optimal PV-wind-diesel-battery, 24-hours supply 9,300,000 
(+/- 13 %) 
0.432 
Table 5-12: Optimisation results if  PV capital cost increased by a factor of 2  with a combination of  probable 
interest rate on capital 
Probable interest 
rate (per cent) 
Cost factor  Value of cost factor for  the system types 
Diesel generators, 14-hours 
supply (base case) 
Optimal PV-wind-diesel-
battery, 24-hours supply 
 
1.3  
NPC (US$) 23,798,300 12,800,000 (+/-13 %) 
LCOE 
 (US$ per kWh) 
0.888 0.331 
 
3 
NPC (US$) 19,522,200 11,600,000 (+/- 13 %) 
LCOE  
(US$ per kWh) 
0.888 0.366 
 10 
NPC (US$) 10,176,000 8,500,000 (+/- 13 %) 
LCOE  
(US$ per kWh) 
0.888 0.515 
 15 
NPC (US$) 7,246,200 7,400,000 (+/- 13 %) 
LCOE  
(US$ per kWh) 
0.888 0.626 
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Table 5-13: Optimisation reuslts if wind turbine capital cost  decreased by a factor of 0.5 with a combination of 
probable interest rate on capital   
Probable interest 
rate (per cent) Cost factor 
Value of cost factor for system type 
Diesel generators, 14-hours 
supply (base case) 
Optimal PV-wind-diesel-
battery, 24-hours supply 
 
1.3  
NPC (US$) 23,798,300 10,600,000 (+/- 14%) 
LCOE 
 (US$ per kWh) 
0.888 0.275 
 
3 
NPC (US$) 19,522,200 9,500,000 (+/- 14 %) 
LCOE  
(US$ per kWh) 
0.888 0.299 
 10 
NPC (US$) 10,176,000 6,700,000 (+/- 13 %) 
LCOE  
(US$ per kWh) 
0.888 0.405 
 15 
NPC (US$) 7, 246,200 5,700,000 (+/- 13 %) 
LCOE  
(US$ per kWh) 
0.888 0.48 
Table 5-14: Optimisation results  if diesel price increased by a factor of 1.2 with a combination of probable 
intrest rate on capital   
Probable interest rate (per 
cent) 
Cost factor Value of cost factor for system type 
Diesel generators, 
14-hours supply 
(base case) 
Optimal PV-wind-diesel-
battery, 24-hours supply 
 
1.3  
NPC (US$) 28,172,200 11,600,000 (+/- 14 %) 
LCOE  
(US$ per kWh) 
1.051 0.299 
 
3 
NPC (US$) 23,110,200 10,500,000 (+/- 14 %) 
LCOE  
(US$ per kWh) 
1.051 0.329 
 10 
NPC (US$) 12,046,400 7,500,000 (+/- 13 %) 
LCOE 
 (US$ per kWh) 
1.051 0.451 
 15 
NPC (US$) 8,578,200 6,300,000 (+/- 13%) 
LCOE  
(US$ per kWh) 
1.051 0.537 
Based on the sensitivities shown in Figure 5-1, the highest NPC for the optimised hybrid 
system would be expected the maximum uncertainty in interest, load, PV capital cost, and 
diesel price occurred at same time. For this scenario: 
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 The NPC for the optimised PV-wind-diesel-battery system is USS$16,600,000 (+/- 
13%); (and LCOE of US$0.330); which is lower than the NPC for diesel generators 
supplying electricity for 14 hours at US$34,683,500 (LCOE=US$0.995 per kWh) for 
similar uncertainties in diesel price, load increase, and similar interest rate. 
Based on the sensitivities shown in Figure 5-2, the highest LCOE for the optimised hybrid 
system would occur if the uncertainties in PV costs, interest rates, and diesel price occurred at 
the same time. For this scenario:  
 The LCOE for the optimised PV-wind-diesel-battery system is US$0.643 per 
kWh (NPC =US$7,600,000 (+/- 11%) which is still lower than the LCOE for 
diesel generators supplying electricity for 14 hours, at LCOE of US$1.051 
(NPC = 8,578,100) for similar uncertainties in diesel price and interest rate. 
In summary, for all the sensitivity analyses presented above, both the NPC and the LCOE of 
PV-wind-diesel-battery system supplying electricity for 24-hours are lower than the NPC and 
LCOE for diesel generators supplying electricity for 14 hours except if the PV costs doubled 
from the cost estimated in this thesis; and the interest rate and diesel price increased at the 
same time. However, with the trend of PV module costs decreasing, it is highly unlikely that 
PV capital costs would increase by two times as high as the cost estimated by this research. 
For example, PV module cost declined from over US$1.4 per Watt in 2010 to about US$1.00 
per Watt (for Chinese based manufacturers) and US$1.2 per Watt (for Europe based 
manufacturers) in 2012 [157]. Quoted prices of PV modules (as of January 2014) which were 
used for the optimisations in this thesis ranged from US$0.58 to US$0.93 per Watt; which is 
consistent with PV module price projections published by the International Renewable 
Energy Agency in 2012 [157].  
From the above analysis, the following two conclusions can be made: 
 Integration of photovoltaic and wind energy systems could reduce the lifecycle costs 
and the cost of energy per kWh on Likoma Island. 
 With the integration of PV and wind electricity, it could be feasible to supply 
electricity for 24-hours on Likoma Island making use of the same (and without 
exceeding) the financial resources committed to diesel generators for the 14-hours 
electricity supply.  
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The variations of the cost factors, as seen above, arise from the varying of installed capacities 
of the system components in order to achieve the minimum net present costs for any set of 
sensitivity inputs. Thus, the following section presents the installed sizes of PV array, number 
of wind turbines, and batteries that could achieve the least system costs for different 
combinations of interest rate and electricity demand based on the components‘ cost as was 
estimated by this research. 
5.4.3 Optimum Components’ Sizes for the Optimal System Type  
Figure 5-5 shows the optimum PV capacity for combination of interest (values on the 
horizontal axis) and electricity demand (values on the vertical axis). The colour profile on the 
horizontal plane indicates the optimum range of PV capacity (and number of wind turbines, 
or number of batteries in similar figures that follow in the section). These optimum 
components‘ capacities are applicable for the cost estimate discussed in section 4.4. It should 
be noted that for all the figures in this section, the electricity demand on the vertical axis is 
indicated in kWh/day and assumes the daily power profile shown in Figure 4-30 in section 
4.4.10.  
 
Figure 5-5: Optimum PV capacity for varying electricty demand and interest rate 
Origin of chart is (1.3%; 5,002 kWh/day) 
As can be seen from Figure 5-5, the optimum PV capacity for the baseline electricity demand 
i.e. 5,002 kWh/day is between 1200 kW and 1260 kW for all interest rates between 1.3 per 
cent and 15 per cent as shown by the black profile. For upward variations of load of up to 30 
per cent (i.e. 6,503 kWh/day), the optimum PV capacity ranges up to 1,740kW-1,800 kW for 
an interest rate of 3 per cent and below; and up to 1,440 kW-1,500 kW for interest rates 
between 10 and 15 per cent. For interest rates between 3 per cent and 10 per cent; the 
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optimum PV capacity ranges up to 1,680 kW -1,740 kW at the maximum modelled upward 
load variation. 
Figure 5-6 shows the optimum number of wind turbines for combinations of interest rate 
ranging from 1.3 per cent to15 per cent, and electricity demand ranging from 5,002 kWh/day 
to 6,503 kWh/day. 
 
Figure 5-6: Optimum number of 10 kW DC WTG for varying electricty demand and interest rate 
Origin of chart (1.3 %; 5,002 kWh/day) 
As can be seen from Figure 5-6, for interest rates not exceeding 11 per cent, the optimum 
number of wind turbines does not change with variation in electricity demand for a band of 
interest rates as shown by the vertical colour stripes. But for interest rates above 11 per cent, 
the optimum number of wind turbines increases with increasing electricity demand as shown 
by the changing colour profiles along the vertical for interest rates between 11 and 15 per 
cent. It can also be observed that for any particular electricity demand, the optimum number 
of wind turbines is sensitive to interest rate as can be seen by the change of colour stripes 
across the horizontal. 
Figure 5-7 shows the optimum number of batteries (battery specifications were discussed in 
section 4.4.4) for varying electricity demand and interest rate.  
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Figure 5-7: Optimum number of 2 V, 1150 Ah batteries for varying electricity demand and interest rate  
Origin of chart (1.3%; 5,002 kWh/day) 
Figure 5-7 shows that the electricity demand is the major cause of variations in installed 
capacity of batteries. This is shown by the change of colour profiles along the vertical, 
especially for interest rates above 5 per cent.  
Combinations of the installed capacities of the system components as discussed above 
determine the proportion of electricity demand that could be met from renewable energy 
systems i.e. PV and wind (renewable fraction). Figure 5-8 shows the renewable fraction that 
could be achieved from the optimised PV-wind-diesel-battery system for different interest 
rate and electricity demand at the best cost estimates already discussed. 
 
Figure 5-8: Achievable renewable fraction by optmised PV-wind-diesel-battery system for Likoma Island for 
different interest rate and electricity demand  
As can be seen from Figure 5-8, the achievable renewable fraction varies from about 90 per 
cent to 98 per cent as interest rate varies from 15 per cent to 1.3 per cent. As was observed in 
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Figure 5-5, Figure 5-6, and Figure 5-7; at lower interest rate the installed capacities of PV, 
wind and batteries are increased which increases the contribution from renewable energy. 
Conversely, at higher interest rate, the installed capacities of PV, wind and batteries are 
decreased thereby reducing the contribution from renewable energy. Figure 5-8 shows that 
with an optimum integration of PV and wind, the contribution from diesel generators on 
Likoma Island would range from 2 per cent to 10 per cent only. 
The following section presents a comparative analysis of the cost factors for diesel-only 
based energy system on the one hand, and photovoltaic and/or wind based energy systems 
(with or without diesel generators) on the other hand. All comparisons are based on system 
best cost estimates as already discussed.  
5.5 Comparative Analysis of Diesel Generators, and Photovoltaic and Wind 
based Systems 
Table 5-15 and Table 5-16 present the economic comparison between simulated 
photovoltaic/wind-based systems and the diesel-only systems. Whereas supplying electricity 
for 24 hours by diesel generators alone would increase the base lifecycle costs (i.e. costs for 
exclusive diesel based 14-hours supply) by 44 per cent; the optimisation results in Table 5-15 
and Table 5-16 show that integration of PV and wind could reduce the base lifecycle costs. 
As can be seen from Table 5-15, at 14-hours of electricity supply per day, the integration of 
photovoltaic and wind electricity could reduce both the cost of generation and the lifecycle 
costs (NPC) by up to 50 per cent. The only exception is the wind-battery system which could 
increase both the cost of generation and the lifecycle costs by 57 per cent. In Table 5-16, it 
can be seen that photovoltaic and wind based systems could reduce the base cost of 
generation by 10 to 50 per cent. In Table 5-16, it is shown that the PV-wind-diesel-battery 
system (the overall optimal) could provide 24-hours electricity service at the lifecycle costs 
which are 28 per cent lower than the lifecycle costs for a 14-hours exclusively diesel based 
generation system. Additionally, a PV-wind-battery system and PV-battery system (i.e. 100 
per cent renewables) could provide 24-hours electricity services at costs which are 
respectively 13 per cent and 7 per cent lower than the base costs. Exceptionally, a wind-
diesel-battery system could provide the 24-hours electricity services at a lifecycle cost which 
is 31 per cent higher than the lifecycle cost of the base case.  
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Table 5-15: Comparison between optimal 14-hours photovoltaic/wind based electricity generation systems and the existing 14-hours diesel based electricty supply system for 
Likoma Island ( at 10 % annual  interest rate and project lifecycle of 25 years) 
System 
reference 
number 
System type PV (kW) 10kWDC 
WTG 
(number) 
D-G1 (kW) D-G2 (kW) D-G3 (kW) GVRLA 
(number) 
Converter 
(kW). 
Dispatch 
strategy 
LCOE 
(US$/kWh) 
LCOE 
without 
curtailmenta 
(US$/kWh) 
Initial capital Total Net Present 
Costs 
1 from 
Table 5-1 
Diesel generators dispatched 
14 hours per day 
0 0 200 200 200 0 0 n/a 0.888 n/a - 10,176,067.00 
1 from 
Table 5-5 
PV--diesel-battery 1,000 0 200 200 200 1,520 500 LF 0.445 0.327 2,706,937.00 5,104,614.00 
 
   
 
Cost factor  compared to diesel- only system -50% -63% 2,706,937.00 -50% 
5 from 
Table 5-5 
PV-wind-diesel-battery 1,000 5 200 200 0 1,330 500 LF 0.451 0.313 2,842,022.00 5,172,297.00 
 
Cost factor  compared to diesel- only system -49% -65% 2,842,022.00 -49% 
15 from  
Table 5-5 
PV-battery) 1,500 0 0 0 0 3,420 500 CC 0.54 0.269 4,825,600.00 6,188,798.00 
 
   
 
Cost factor  compared to diesel- only system -39% -70% 4, 825,600.00 -39% 
16 from  
Table 5-5 
PV-wind-battery 1,500 5 0 0 0 3,040 500 CC 0.542 0.258 4,807,545.00 6,203,639.00 
 
   
 
Cost factor  compared to diesel- only system -39% -71% 4,807, 545.00 -39% 
19 from  
Table 5-5 
Wind-diesel-battery 0 40 200 200 200 1,140 500 LF 0.87 0.855 3,521,932.00 9,964,012.00 
 
   
 
Cost factor  compared to diesel- only system -2% -4% 3,521,932.00 -2% 
27 from   
Table 5-5 
Wind-battery 0 150 0 0 0 4,560 500 CC 1.394 0.608 12,619,402.00 15,967,678.00 
 
Cost factor  compared to diese-1 only system 57% -32% 12,619,402.00 57% 
a LCOE without curtailment is the cost of energy that would apply if feasible productive uses of excess energy for each system ( as shown  in  the simulation results)  were identified. The potential 
productive uses of the excess energy are discussed in chapter 7  
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Table 5-16: Comparison between 24-hours photovoltaic/wind based, 24-hours diesel based  electricity supply generation systems, and  the existing 14-hours  diesel based 
electricity supply for Likoma ( at 10 % annual interest rate and project  lifecycle of 25 years) 
System 
reference 
number 
System type PV (kW) 10kWDC 
WTG 
(number) 
D-G1 
(kW) 
D-G2 
(kW) 
D-G3 (kW) GVRLA 
(number) 
Converter (kW). Dispatch 
strategy 
LCOE 
(US$/kW
h) 
LCOE without 
curtailment 
(US$/kWh) 
Initial capital Total Net Present 
Costs 
1 from 
Table 5-1 
Diesel generators 
dispatched 14 hours per day 
0 0 200 200 200 0 0 n/a 0.888 n/a - 10,176,067.00 
1from 
Table 5-2 
Diesel generators dispatched 24 hours 
per day 
0 200 200 200 0 0 n/a 0.883 n/a - 14,639,251.00 
 
   
 
Cost factor  compared to diesel generators dispatched for 14 hours per day 
0.053 
(6%) 
n/a - 44% 
1 from  
Table 5-6 
PV-wind-diesel-battery   
(24 hours supply) 
1,250 15 200 200 0 1,710 500 LF 0.441 0.329 4,018,383.00 7,302,180.00 
 
   
 
Cost factor  compared to diesel generators dispatched for 14 hours per day -50% -63% 4,018,383.00 -28% 
    
Cost factor  compared to diesel generators dispatched for  24 hours per day -50% -63% 4,018,383.00 -50% 
5 from  
Table 5-6 
PV-diesel-battery (24 hours 
supply) 
1,500 0 200 200 0 1,900 500 LF 0.452 0.320 3,600,480.00 7,493,920.00 
 
Cost factor  compared to diesel generators dispatched for 14 hours per day -49% -64% 3,600,480.00 -26% 
Cost factor  compared to diesel generators dispatched for  24 hours per day -49% -64% 3,600,480.00 -49% 
15 from  
Table 5-6 
PV-wind-battery (24 hours 
supply) 
2,000 15 0 0 0 4,180 500 CC 0.535 0.265 6,890,097.00 8,858,867.00 
 
   
 
Cost factor  compared to diesel generators dispatched for 14 hours per day -39% -70% 6,890,097.00 -13% 
    
Cost factor  compared to diesel generators dispatched for  24 hours per day -39% -70% 6,890,097.00 -39% 
17 from  
Table 5-6 
PV-battery (24 hours 
supply) 
2,500 0 0 0 0 4,750 500 CC 0.569 0.245 7,072,105.00 9,429,621.00 
 
   
 
Cost factor  compared to diesel generators dispatched for 14 hours per day -36% -72% 7,072,105.00 -7% 
    
Cost factor  compared to diesel generators dispatched for  24 hours per day -36% -72% 7,072,105.00 -36% 
19 from  
Table 5-6 WI (24 hours supply) 0 65 200 200 200 1,330 500 LF 0.803 0.777 5,116,197.00 13,303,041.00 
 
   
 
Cost factor  compared to diesel generators dispatched for 14 hours per day -10% -12% 5,116,197.00 31% 
    
Cost factor  compared to diesel generators dispatched for  24 hours per day -9% -12% 5,116,197.00 -9% 
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Figure 5-9 summarises the financial savings that could be achieved by the integration of 
photovoltaic and wind based electricity integration on Likoma Island. The savings are based 
on the potential reduction of expenditure towards subsidies for the electricity tariff which was 
charged at US$0.085 per kWh on average for year 2014. 
 
Figure 5-9: Potential financial savings by photovoltaic and wind based electricity on Likoma Island 
The subsidy is calculated by subtracting the average electricity tariff, US$0.085 per kWh, from the LCOE for 
each system type. For the subsidy difference, the base is the subsidy required for diesel generators 
Figure 5-9 shows that for every kilowatt hour supplied by the diesel generators on Likoma 
Island there is a subsidy fees of US$0.803; whereas with the integration of PV and wind the 
required subsidy could be reduced to US$0.356 per kWh by the optimal PV-wind-diesel-
battery-system and to US$0.718 per kWh at maximum by the least optimal system i.e. the 
potential reduction in tariff subsidies ranges between 11 per cent and 56 percent.  
Figure 5-10 summarises the carbon dioxide emissions for the categorised feasible 
photovoltaic and wind based systems. The modelled emissions [saving] were based on the 
[avoided] diesel consumption. HOMER calculates six types of pollutants from the burning of 
diesel i.e. carbon dioxide, carbon monoxide, sulphur dioxide, unburnt hydrocarbons, 
particulates matter, and nitrogen oxides. The emissions reported in Figure 5-10 are based on 
carbon dioxide and nitrogen oxides as major contributors to global warming based on IPCC 
guidelines [158]. Using the emission inventory guidelines [158], the amount of emitted 
nitrogen oxide was multiplied by 298 for conversion into carbon dioxide equivalent. 
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Emissions amounts of all other pollutants for the optimal systems are attached in appendix 
A5.5.  
 
Figure 5-10: Carbon dioxide equivalent of emissions for categorised optimal  systems for Likoma Island based 
on diesel consumption   
(Based on optimisation results for 24-hours of electricity supply) 
The next section discusses in detail the technical and economic performance of the optimum 
model PV-wind-diesel-battery system for 24-hours supply of electricity. 
5.6 Discussion of the Optimal Model PV-Wind-Diesel-Battery System for 
Likoma Island  
The PV-wind-diesel-battery system discussed in this section is based on the best estimate 
model inputs as described in the previous sections of this chapter and in chapter 4, section 
4.4. The architecture of the system is as follows: 
 1250 kWp  PV 
 Fifteen 10 kW DC wind turbines 
 Two 200 kW diesel generators 
 1710 gel valve regulated lead acid batteries; 2V, 1150 Ah each battery;  configured in 
9 parallel strings, each string with 190 batteries 
 500 kW inverter 
 The dispatch strategy is load following  
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The focus is on the predicted energy production and the energy utilisation. In addition, the 
predicted performance of the PV array, wind turbines, and the battery bank are discussed. 
5.6.1 Energy Production and Utilisation 
Table 5-17 presents the annual energy production by the model PV-wind-diesel-battery 
system for Likoma Island and Figure 5-11 shows the system‘s monthly average power 
production by type of energy technology. 
Table 5-17: Annual energy production by a simulated PV-wind-diesel-battery system for Likoma Island 
Source by technology Production 
kWh/year Per cent of total 
production 
PV array 2,278,343 84 
Wind turbines 315,179 12 
Diesel Generator 1 88,335 3 
Diesel Generator 2 15,474 1 
Total 2,697,332 100 
 
 
Figure 5-11:Monthly average electricity production by the model PV-wind-diesel-battery system for Likoma 
Island 
Table 5-17 shows that the combined output from PV and wind would contribute 96 per cent 
of the total energy production; with PV alone contributing 84 per cent. It can also be seen 
from Figure 5-11 that for the months of January to June, and November and December, the 
combined output from wind and PV would not meet the electricity demand. On the other 
hand, it would be feasible to meet all of the electricity demand of Likoma Island from PV and 
wind alone from July to October. As was seen in Table 5-6, 620,526 kWh i.e. 23 per cent of 
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the produced energy was in excess of the electricity demand and would need to be curtailed. 
Figure 5-12 shows a chart of expected excess electricity by the energy system on each day of 
the year.  
 
Figure 5-12: Expected excess power by a model PV-wind-diesel-battery system for Likoma Island 
Installed capacity of the model system: 1250 kW PV; 150 kW wind; 3.9 MWh battery storage; and 2 x 200 kW 
diesel generators 
It can be seen from Figure 5-12 that the excess electricity is likely to exceed 100 kW at any 
time of excess power. For more insight, further discussions are based on the month of 
January, a typical month of low excess power production; and September, a typical month of 
high excess power production as can be observed from Figure 5-12. Figure 5-13 shows a 
predicted profile of excess power production for the month of January and Figure 5-14 zooms 
in 2
nd
 January, a day with approximately the average hourly excess electricity production for 
the month.  
 
Figure 5-13: Excess electricity produced in January by the optimal PV-wind-diesel-battery system for Likoma 
Island 
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Figure 5-14: Typical excess electricity produced on a day in January by the optimal PV-wind-diesel-battery 
system for Likoma Island 
Firstly, it should be noted that, since the simulation time-step was 1 hour, the plotted points in 
Figure 5-14 are not instantaneous points; they only appear so because HOMER plots the 
hourly values at the mid-point of the hour. Thus, for clarity, the data for Figure 5-14 was 
extracted and corrected in Excel Spreadsheet as shown in Figure 5-15.  
 
Figure 5-15: Corrected profile of typical excess power on a day in January by the optimal  PV-wind-diesel-
battery system for Likoma Island  
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Similarly, Figure 5-16 shows the expected profile of excess electricity production for the 
month of September; and Figure 5-17 (corrected chart due to similar reasons discussed for 
Figure 5-14) zooms in 7th September, a typical day of high excess electricity for the month. 
 
Figure 5-16: Excess electricity produced in September by the optimal PV-wind-diesel-battery system for 
Likoma Island 
 
Figure 5-17: Typical excess electricity produced on a day  in September  by the optimal PV-wind-diesel-battery 
system for Likoma Island 
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It can be shown from Figure 5-15 Figure 5-17 that the typical excess energy on a typical day 
of low and high excess power production would be about 600kWh and 1900kWh per day 
respectively. Table 5-18 shows the expected number of days of excess energy for each month.  
Table 5-18: Expected number of days per month  of excess energy production by a model  PV-wind-diesel-
battery system each  
Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec 
19 15 19 27 27 26 31 29 25 28 23 21 
It can be seen that there would be a significant amount of excess energy from the optimal 
system type based on the amount of typical excess energy as was calculated from Figure 5-15 
and Figure 5-17; and the number of days of excess power production in a month as shown in 
Table 5-18. Instead of curtailing, the excess energy could be used for productive activities 
considering the off-grid energy needs of Likoma Island as will be seen in chapter 6. Further 
discussion on the use of excess power is presented in chapter 7. Next the predicted 
performance factors for the model PV-wind-diesel-battery system are discussed. 
5.6.2 Performance Factors for the Components of the Simulated PV-Wind-Diesel 
Battery System for Likoma Island.  
5.6.2.1 Performance of PV array 
Table 5-19 shows the predicted performance indicators and power output respectively for the 
PV component of the modelled hybrid system for Likoma Island. 
Table 5-19: Performance indicators for a model PV component of the hybrid system for Likoma Island 
 
As can be seen from Table 5-19, the PV array would operate with a capacitor factor of 21 per 
cent. With an installed capacity of 1250 kW, the PV array could achieve a maximum power 
output of 1216 kW. The LCOE, US$0.073 per kWh, shown in Table 5-19 is based on the 
capital, operation and maintenance cost of the PV array alone without accounting for the cost 
of equipment required for interconnection to the grid e.g. converters and/or battery. 
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Additionally the LCOE in Table 5-19 assumes that all the energy generated by the 
photovoltaic array can be exported into the grid which is not possible due to low or no 
demand at certain times. As discussed in section 4.2, equation 4-8; and as shown in the 
previous sections of this chapter, the market levelised cost of energy is determined by the 
demand.  
The PV penetration (125 per cent) shown in Table 5-19 is calculated by dividing the mean 
PV output (260 kW) by the mean electricity demand (208 kW from the modelled load profile 
in section 4.4.10). Usually, high penetrations of variable electricity sources are undesirable as 
they have negative impacts on the power system; however, the discussion on levels of 
renewable penetration is not taken further in this thesis since the modelled systems include 
battery storage which can mitigate the variability of the PV (and wind) power. 
5.6.2.2 Wind Turbine Performance 
Table 5-20 shows the predicted performance indicators and power output respectively for the 
wind component of the modelled hybrid system for Likoma Island.  
Table 5-20: Performance indicators for a model wind component of the hybrid system for Likoma Island 
 
Based on the simulation results shown in Table 5-20, the modelled wind turbines would 
operate at a capacity factor of 24 per cent with a mean output of 36 kW. The mean wind 
power penetration would be 17.3 per cent. The levelised cost of energy for the wind turbines 
would be US$0.357 per kWh. This is the LCOE for the installed costs of the turbines alone 
without accounting for auxiliary equipment for interconnection. The LCOE shown in 
Table 5-19 and Table 5-20 can be used as general merit factors for the economic viability of 
PV and wind energy on Likoma Island. Thus, based on turbine costs and PV array costs, the 
LCOE for wind power could be 5 times higher than the LCOE for PV, indicating that PV is 
generally a favourable technology for Likoma Island. Furthermore, a sensitivity analysis 
which was run to account of reduction in average wind speed by up to 12 per cent (based on 
data available from NASA [17]) showed that the wind energy yield could be reduced to 
286,117 kWh per annum i.e. 10 per cent; the capacity factor could be reduced to 22 per cent; 
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and the wind energy LCOE (based on turbine cost alone as already described above) could be 
increased to US$0.39 per kWh; see Table 5-21. Due to the complexity of wind energy, more 
detailed wind energy yield calculations based on data spanning a number of years and using 
micro-siting models which account for terrain changes would be useful to critically evaluate 
the capacity factor.    
Table 5-21: Impact of 12 per cent reduction in average wind speed wind energy yeild from the installed fifteen 
10kW wind turines. 
 
However, the techno-economic optimisation in this thesis show that the impact of reduced 
wind speed would cause an insignificant increase in the overall LCOE of the modelled hybrid 
system as is shown in Table 5-22 compared to the LCOE shown in Table 5-6  i.e. from 
US$0.441 per kWh to US$0.446 per kWh (i.e. a 1 per cent increase) as a result of increased 
diesel-generator run-time which would raise the fuel consumption from 47,700 litres (as was 
shown in Table 5-6) to 52,400 litres per annum (as shown in Table 5-22; optimal system 
shown in 1
st
 row after header row).  Additionally, it can be shown from Table 5-6  and 
Table 5-22 that the 12 per cent reduction in wind speed would only cause a 1 per cent 
increase in the NPC relative to the best estimate NPC at the best estimate sensitivity inputs. 
Table 5-22: Optimisation results for -12 per cent uncertainty in wind speed 
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5.6.2.3 Battery Bank Performance 
Figure 5-18 shows the predicted variation in battery bank state of charge; and Table 5-23 
shows a summary of performance indicators for the modelled battery storage.  
 
Figure 5-18: Simulated variation of  battery bank state of  charge for the model PV-wind-diesel-battery system 
for Likoma Island  
Table 5-23:Simulated performace indicators for battery bank of PV-wind-diesel-battery system for Likoma 
Island 
 
It can be seen from Figure 5-18 that the battery bank state of charge would vary between 20 
and just over 90 per cent. In Table 5-23, it can be shown that the battery bank efficiency is 80 
per cent i.e. 20 per cent losses. However, the important parameter in the table is the expected 
life of the battery. The results show that the battery bank would need changing about every 
5.4 years i.e. within five years of system operation, there would need to be enough funds for 
replacement of the batteries needless to mention about the logistics which will have to be 
started probably months or a year before the actual dates of battery replacement. It should be 
noted that alternative energy systems with elongated battery life e.g. 8.7 years were among 
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the feasible systems in Table 5-6. Next, the indicative cash flows for the optimal system 
components over the 25 years project lifecycle are shown in Figure 5-19. 
 
Figure 5-19: Modelled cashflow for the optimal PV-wind-diesel-battery system for Likoma Island 
System details: 1250kW PV; 150kW wind; 500kW inverter; 3.9MWh battery storage and 2 x 200kW diesel 
generators 
As can be seen from Figure 5-19, the battery bank makes up a significant proportion of both 
the capital (year-zero costs) and operation costs in form of replacement costs. Specifically, 
the simulations showed that the batteries would make up 34 per cent of the capital costs, 56 
per cent of the operating costs, and 44 per cent of the total system lifecycle costs. The PV and 
wind turbines would contribute 58 per cent of the capital costs. The overall installed cost for 
the renewable energy system components was found to be US$2.90 per Watt. Next, the 
simulations results of autonomous energy systems are presented.  
5.7 Feasible Autonomous Photovoltaic and Wind based Systems for 
Selected Institutions 
This section summarises the optimisation results for autonomous systems for St Peter‘s 
hospital, Likoma secondary school, Chipyela secondary school, and a household. The 
optimisation results are based on the technical and cost data discussed in section 4.4. The cost 
factors are based on an interest rate of 10 per cent per annum over the project lifecycle of 25 
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years. Sensitivity analyses for potential changes in interest rates and potential variations in 
PV array and wind turbine capital costs as discussed in section 4.4.12 are included in 
appendix A5 
5.7.1 Optimal Energy System for St Peter’s Hospital  
Table 5-24 shows the feasible optimised model PV and wind based energy systems for St 
Peter‘s hospital. The systems are listed in ascending order of their total net present costs 
starting with the optimal system type in the row after the header row.  
Table 5-24: Feasible solar/wind generation systems for St Peter's Hospital 
 
The results in Table 5-24 show that the optimal system for St Peters hospital should comprise 
75 kW PV; 1 × 10 kW wind turbine generator; 150 batteries i.e. 2 parallel strings of 75 × 2 V 
x 1150 Ah batteries40F
41
; and a 23 kW converter. The capital cost for the system accounting for 
precision of cost estimations is predicted at US$280,000 +/- 15%; the operating costs are 
predicted at US$5,700 per year; and the lifecycle costs are estimated at US$330,000 +/- 16 % 
over 25 years. The LCOE for the system is US$0.524 per kWh. The battery would last for 14 
years; hence over the system lifecycle of 25 years, the battery bank would need replacement 
once. The optimal dispatch strategy is cycle charging. As can be observed the LCOE for the 
hospital‘s optimal energy system is lower than the LCOE for the grid based diesel-fired 
electricity. The sensitivities that were carried out (i.e. interest rate varied between 1.3 per cent 
and 15 per cent; PV capital cost doubled, and wind capital cost decreased by half; see 
appendix A5.4) showed that at the worst case of PV array capital cost doubling, and interest 
rate increasing to 15 per cent; the systems LCOE would be equal to the LCOE of the grid-
based diesel-fired electricity at US$0.888 per kWh.  
Table 5-25 shows a summary of energy production by the system. 
 
 
                                                 
41
 Details of battery as specified in section 4.5.  
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Table 5-25: Summary of energy production by a simulated energy system for St Peter's hospital 
System size: 75 kW PV; 10 kW wind; 345 kWh battery storage 
 
It can be seen from Table 5-25 that the total annual energy produced by the system is 
predicted at 158,691 kWh exceeding the estimated annual load by 75,021 kWh i.e. 47.3 per 
cent of the produced energy would need to be curtailed. It should be noted that due to the 
operating reserve, and the zero-capacity shortage constraint as was discussed in section 4.4.6, 
the hospital system including all the autonomous systems that follow are sized to match the 
output with demand at the least, but never less than demand. However, excess energy is 
inevitable due to the uncontrollability of radiation and wind speed and the likely oversizing of 
the system in order to meet demand during days of minimum radiation and minimum wind 
speed. The small amount of unmet load (0.1 per cent, negligible) shown in Table 5-25 is due 
to computational rounding which arise from truncation of figures especially in division 
calculations; due to the computer floating number system which is set in HOMER (the 
discussion of floating number system is beyond the scope of this thesis). 
5.7.2 Optimal Energy System for Likoma Secondary School   
Table 5-26 shows the optimisation results for Likoma secondary school energy system. 
Table 5-26: Feasible solar/wind generation systems for Likoma secondary school 
 
Table 5-26 shows that the optimal energy system for Likoma secondary school should 
comprise 100 kW PV; 1 × 10 kW wind turbine generator; 150 batteries (2 parallel strings of 
75 × 2 V × 1150 Ah batteries); and a 24 kW inverter. The system capital cost is US$312,000 
+/- 15%; the operating cost is predicted at US$7,800 per year (net present); and the lifecycle 
costs are estimated at US$380,000 +/- 15% (net present cost) over 25 years. The LCOE for 
the system is US$0.554 per kWh. The battery bank would last for 11.2 years; hence would 
need replacement twice over the system lifecycle. Based on LCOE, the findings show that an 
autonomous system for Likoma secondary school is cheaper than grid based diesel-fired 
electricity. Sensitivity analyses for potential increase in PV capital cost and decrease in wind 
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turbine capital cost are included in the appendix A5.5. In summary, the sensitivities showed 
that the increase of PV capital cost would make the LCOE for the school‘s optimal energy 
system exceed the LCOE for the grid based diesel-fired electricity only if the interest rose to 
15 per cent.  
 Table 5-27 shows the summary of energy production by the system school‘s model system. 
Table 5-27:   Summary of  energy production by a simulated energy system for Likoma secondary school 
 
As shown in Table 5-27, the system for Likoma secondary school could produce 204,585 
kWh per year which exceeds the annual load, 76,221 kWh, by 113,035 kWh after deducting 
battery and converter losses.  
5.7.3 Optimal Energy System for Chipyela Secondary School 
Table 5-28 shows the optimisation results for Chipyela secondary school energy system. 
Table 5-28: Feasible solar/wind generation systems for Chipyela secondary School 
 
The results shown in Table 5-28 indicate that the optimal system for Chipyela secondary 
school should comprise 17.5 kW PV; 48 batteries (2 parallel strings of 24 × 2V × 1150 Ah). 
The system capital cost is US$71,000 +/-14%; the operating cost is US$1,700 per year; and 
the lifecycle cost is US$87,000 +/- 16% (net present cost) over 25 years. The predicted 
LCOE for the system is US$0.67 per kWh. The battery bank would last for 12.7 years 
needing replacement once over the system lifecycle. The LCOE for Chipyela‘s optimal PV 
system is lower than the LCOE of grid-based diesel-fired electricity. The sensitivity results 
(appendix A5.6) showed that the system‘s LCOE would exceed the LCOE for diesel-fired 
electricity only if interest rate was 15 per cent and the PV capital cost doubled from the best 
cost estimate. The yellow warning on the second system shows that the system has a high 
penetration of renewables with potential of causing system unbalance. This is likely due to 
the introduction of the wind turbine which increases the power variability; and the relatively 
low storage (24 batteries for 22.5 kW compared to 48 batteries for 17.5 kW for the optimal).  
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Table 5-29 shows a summary of energy production by the optimal system for Chipyela 
secondary school.  
Table 5-29: Summary of energy production by a simulated energy system for Chipyela secondary school 
 
As can be seen in Table 5-29, the optimal model system for Chipyela would produce 32,125 
kWh per year. Again, on the reasons discussed in section 5.7.1; the system would produce 
14,226 kWh of excess energy per year. 
5.7.4 Optimal Energy System for a Household 
Table 5-30 shows the optimisation results for a household energy system on Likoma Island. 
Table 5-30: Feasible solar/wind generation systems for a household 
 
The results in Table 5-30 indicate that an optimal system for a household on Likoma Island 
should comprise 5.4 kW PV, 36 batteries (3 parallel strings of 12 × 2V × 1150 Ah batteries) 
and a 3 kW inverter. The system capital cost is US$36,000 +/- 14%; the operating cost is 
US$700 per year, and the lifecycle cost is US$42,000 +/- 15% (net present) over 25 years. 
The battery would last for 17.8 years; hence the battery bank would need replacement once. 
As can be observed, the LCOE for the household based PV system is still lower that the 
LCOE for the grid based diesel-fired electricity. However, the sensitivity analyses (appendix 
A5.7) showed that the doubling of PV capital would increase the LCOE for the household 
based system to equal the grid based diesel-fired electricity at 10 per cent interest rate. If the 
PV capital cost would double and the interest rate increased to 15 per cent, the LCOE for the 
household optimal PV system would be higher than the LCOE for the grid based diesel-fired 
electricity. 
Table 5-31 shows a summary of energy production by the simulated household energy 
system.  
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Table 5-31:  Summary of energy production by a simulated energy system for a household on Likoma Island 
System details: 5.4 kW PV; 82.8 kWh battery storage 
 
As can be seen from Table 5-31, the simulated household system could produce 9,913 kWh 
per year exceeding the annual load of 6,021 kWh by 2,204 kWh.  
The optimisation results for the autonomous systems indicate that photovoltaic and wind 
based systems could provide electricity to the hospital, the two secondary schools, and a 
household on Likoma Island at a lower LCOE than electricity sourced from grid based diesel 
generators. It is also seen that the modelled autonomous systems would produce significant 
amount of excess energy which could be fed into the Island‘s main grid. A discussion on 
whether or not the implementation of the autonomous systems would be worthwhile or the 
possibility of the autonomous systems to feed power into the grid is presented in chapter 7. In 
addition, the optimisation results indicate that the installed costs for the systems can be 
estimated at US$3.33 per Watt for the hospital system; US$2.84 per Watt for Likoma 
secondary school system; US$4.10 per Watt for Chipyela secondary school system; and 
US$6.69 per Watt for the household system.   
5.8 Chapter Summary 
The simulations and optimisation of model energy systems show that photovoltaic and wind 
based energy systems are feasible and more economical than diesel-only systems for Likoma 
Island.  
The net present cost (NPC) and levelised cost of energy (LCOE) for a simulated 14-hours 
power supply by diesel generators alone were US$ 10,176,000 and US$0.888 per kWh, 
respectively. 
The NPC and LCOE for a simulated 24-hours power supply by diesel generators alone were 
US$ 14,639,300 and US$0.883 per kWh, respectively. 
Based on the technical and economic data for photovoltaic and wind energy system 
components elicited by this research; the wind and solar resource assessment undertaken; and 
the electricity needs and demand assessment carried out on Likoma Island:  
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The alternative options for 14-hours of grid based electricity supply everyday were found out 
as follows:  
 PV-diesel-battery system with NPC of US$5,100,000 and LCOE of US$0.445 per 
kWh; 
 PV-wind-diesel-battery system with NPC of US$5,200,000 and LCOE of US$0.451 
per kWh; 
 PV-battery system with NPC of US$6,200,000 and LCOE of  US$0.54; 
 PV-wind-battery system with NPC of US$6,200,000 and LCOE of US$0.542 per 
kWh; 
 Wind-diesel-battery system with NPC of US$10,000,000 and LCOE of US$0.87 per 
kWh; and  
 Wind-battery system with NPC of US$16,000,000 and LCOE of US$1.394 per kWh. 
The alternative options for 24-hours of grid based electricity supply everyday were found out 
as follows:  
 PV-wind-diesel-battery system with NPC of US$7,300,000 and LCOE of US$0.441 
per kWh; 
 PV-diesel-battery system with NPC of US$7,500,000 and LCOE of US$0.452 per 
kWh; 
 PV-wind-battery system with NPC of US$9,000,000 and LCOE of US$0.535 per 
kWh; 
 PV-battery system with NPC of US$9,400,000 and LCOE of US$0.569 per kWh; and 
 Wind-diesel-battery system with NPC of US$13,000,000 and LCOE of US$0.803 per 
kWh. 
The sensitivities carried out in the simulations to account for potential variations in the 
photovoltaic array capital costs, wind turbine capital costs, diesel price;, interest rate, and 
electricity demand still showed that PV and/or  wind based energy systems are cheaper than  
the exclusive diesel-generator system for Likoma Island. 
Simulation results for autonomous systems also showed that, at the best estimate values of 
sensitivity inputs (interest rate, system components costs, and electricity demand), 
photovoltaic and wind based systems for Likoma Island hospital, the Island‘s two secondary 
schools, and a household would provide electricity at a lower LCOE than grid-based diesel 
generators. The best estimate LCOE for the autonomous systems ranged from US$0.524 to 
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US$0.771 per kWh, with that for the hospital on the lower end, and that for a household on 
the higher end; compared to US$0.888 per kWh for grid based diesel-fired electricity.  
The next chapter presents the socio economic characteristics of Likoma Island and thereafter 
chapter 7 will discuss the deployment model for the feasible optimal alternative energy 
systems.  
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Chapter 6 : The Socioeconomic Characterisation of Likoma 
Island 
6.1 Introduction 
This chapter presents the findings of the social investigation that was carried out on Likoma 
Island in January 2013. The findings relate to energy needs and their prioritisation; existing 
energy sources; people‘s purchasing power for energy; levels of energy consumption and 
factors that can influence energy consumption; existing and desired business enterprises; and 
the general economic situation on Likoma Island. The chapter is structured as follows: 
Section 6.2 presents the energy needs and their prioritisation. The prioritisation is based on 
the importance-ranking of and satisfaction with social services and household energy services. 
Section 6.3 outlines the practices that can influence the energy consumption. Section 6.4 
presents the household purchasing-power for energy. Section 6.5 presents the existing and 
desired business enterprises. The description of household income, availability of technical 
skills and access to microfinance are presented in section 6.6. The chapter summary is 
outlined in section 6.7  
6.2 Household Energy Needs and their Prioritisation 
Figure 6-1 shows how households responded when asked what they use or would use 
electricity for. The findings show that the most desired household use of electricity is lighting 
followed by cooking, TV, radio, cell phone charging, and lastly heating. Where ―others‖ was 
indicated from the list of responses, refrigeration and ironing were the specified electricity 
needs.   
Generally, the findings in Figure 6-1 show household energy needs which can be met by any 
convenient form of energy source and not electricity alone. The energy sources by which 
households met their energy needs are presented in the next section.  
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Figure 6-1: Electricity needs for respondent households on  Likoma Island 
6.2.1 Existing Energy Sources 
Table 6-1 shows a summary of how households responded when asked to indicate the energy 
sources they used for their energy needs. 
As outlined in chapter one, the grid electricity indicated in Table 6-1, was supplied by diesel 
generators for 14 hours per day: from 6:00 hours to 12:00 hours, and from 14:00 hours to 
22:00 hours. Regarding the use of firewood, 57 per cent of the respondents perceived 
firewood as a cheaper energy source than electricity and indicated that they would continue to 
use firewood for cooking even if they had access to electricity or alternative modern cooking-
energy technologies. About 23 per cent of the sampled households collected firewood for free 
from local forests; 22 per cent exclusively purchased firewood while 53 per cent sourced their 
firewood by both purchasing and free-collection; and 2 per cent did not use firewood. Major 
proportion of the firewood was indicated to be supplied from Mozambique. It was indicated 
that lack of alternatives was the major reason for using firewood and kerosene whereas 
capital outlay in form of connection fees and wiring costs was a major barrier to get access to 
grid electricity; albeit there were concerns of high bills by some respondents. Figure 6-2 
shows how batteries were used to power lighting emitting diodes (LEDs) for household 
lighting. 
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Table 6-1: How  respondents met their energy needs  
Energy need Energy source in Use Number of respondents using 
the energy source 
Responses as percentage of total 
valid responses 
Cooking 
Firewood 186 94.4 
Charcoal 2 1 
Grid power 9 4.6 
Total valid responses 197 
 
Lighting 
Paraffin 42 21.6 
Candle 7 3.6 
Batteries 53 27.3 
Grid power 88 45.4 
Other (solar PV) 4 2.1 
Total valid responses 194 
 
Water heating 
Firewood 157 92.4 
Charcoal 5 2.9 
Grid power 8 4.7 
Total valid responses 170 
 
Radio 
Batteries 79 57.2 
Grid power 55 39.9 
Other (solar PV) 4 2.9 
Total valid responses 138 
 
Television 
Batteries 2 2.4 
Grid power 76 92.7 
Other (solar PV) 4 4.9 
Total valid responses 82 
 
Cell phone charging 
Grid power  92 94.8 
Other (solar PV) 5 5.2 
Total valid responses 97 
  
Refrigeration41F42 
Grid Power 34  
Paraffin 1  
Generally, the energy needs and energy sources for Likoma Island are similar to those of a 
number of Island communities such as those discussed in [5,38,39]. Based on the findings 
presented in Table 6-1, it can be estimated that 95.4 per cent of households on Likoma Island 
depended on biomass for cooking which compared well with the overall average for Malawi 
at 88 percent [13].  About 45 per cent of households on Likoma Island had access to grid 
electricity which was higher than the overall access rate for Malawi, at 8 percent; and even 
higher than for urban areas at 37 per cent [13]. Whereas on the mainland, 86 percent 
depended on kerosene for lighting [13], only 22 per cent used paraffin for lighting on Likoma 
                                                 
42
 Based on response to a question of ownership of appliance and the total valid responses was 185 
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Island. Given that firewood is mostly supplied from Mozambique, and that fossil fuels and 
batteries are not produced on the Island; and referring to the energy sources based on the data 
presented, it is clear that Likoma Island depends on imports for its energy. Only 4.6 per cent 
of respondent households used electricity for cooking compared to 45 per cent of households 
who had access to electricity. 
 
Figure 6-2:  Batteries as a source of energy for  household lighting on Likoma Island 
6.2.2 Prioritisation of Energy Needs  
Figure 6-3 and Figure 6-4 shows the mean of importance-ranking and mean of satisfaction 
scores for social services and household energy services, respectively based on data collected 
from households as was discussed in chapter 3. The scale of importance for social services 
ranged from 1 to 5 (5 = very important) while the scale of importance for household energy 
services ranged from 1 to 10 (10 = very important). The scale of satisfaction for both social 
services and household energy services ranged from 1 to 4 (1 = very dissatisfied; 2 = 
dissatisfied; 3 = satisfied; and 4 = very satisfied). This is ordinal data and as was discussed in 
chapter 3, section 3.2.1; ordinal data can be averaged, in this case, to get the overall picture of 
the sample‘s and population‘s perceptions about the services available on Likoma Island. 
Detailed statistics for the importance ranking and service satisfaction is presented in appendix 
A6.1. 
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Figure 6-3: Respondents‘ perceptions about social services on Likoma Island 42F43 
As can be seen from Figure 6-3, the findings show that only water supply has a mean 
satisfaction-score higher than 3 i.e. water supply met people‘s satisfaction on Likoma Island. 
Health, education and electricity services have mean satisfaction-scores less than 3 indicating 
that these three latter services did not meet people‘s satisfaction. Electricity service has the 
least mean satisfaction-score. Additionally, water supply is perceived as the most important 
service, and electricity which is generally considered fundamental for modern living is 
perceived as the least important. However, this does not mean that people do not need 
electricity but only emphasises the need for energy systems deployment mechanisms that are 
aligned with people‘s priorities and addresses the pressing needs of households. 
 
Figure 6-4: Respondents' perceptions about household energy services on Likoma Island 
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Figure 6-4 shows that lighting is the most important household energy service followed by 
cooking, TV, radio, telephone (cell phone charging) and water heating. All of the household 
energy services have mean satisfaction-scores less than 3 i.e. none met people‘s satisfaction. 
Some of the causes of low satisfaction scores for the household energy services based on 
dislikeable aspects of the energy sources were as follows: 
(a) Households without access to electricity expressed concerns about indoor air pollution 
resulting from solid fuels which was also indicated to cause coughs; continuous 
attention required to keep firewood burning; time spent on collecting firewood and 
preparing the fire; drudgery associated with firewood which among others was 
indicated to cause backaches; non-durability of dry cell batteries used for LED 
lighting and powering radios; spillage of acidic gel from dry cell batteries sometimes 
damaging clothes; and bad odours and risk of accidents from kerosene lamps.  
(b) Households with access to grid electricity expressed concerns about the intermittence 
of the electricity supply due to the intermittent dispatching of the diesel generators. 
Among the comments about what is not likeable about their current energy sources, 
one household wrote: ―rationing (of electricity) makes us feel like refugees and no 
notices for blackouts as (they do) on the mainland”. Another household wrote: “we 
do not know exactly when the electricity will be switched ON or OFF”.43F44 
Figure 6-5 and Figure 6-6  shows the prioritisation of social and household energy services 
for Likoma Island based on the novel analytical method discussed in section 3.3.7 i.e. mean 
of importance-ranking divided by mean of satisfaction-score. 
 
Figure 6-5: Prioritisation of social services for Likoma Island 
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Figure 6-6: Prioritisation of household energy services for Likoma Island 
First, it can be seen in Figure 6-5 that the application of the novel analytical method 
eliminates water supply service as not needing immediate intervention; which is sensible 
since the service already met people‘s satisfaction. The method indicates health, education 
and electricity services as the order of prioritisation from first to last. Because there was no 
sewerage on the Island, satisfaction scores for the sewerage service could not be established 
and hence its prioritisation index was not calculated. In Figure 6-6, the application of the 
novel analytical method lists lighting, cooking, TV, radio, water heating and telephone (cell 
phone charging) the order in which their energy sources should be prioritised for immediate 
intervention. The application of the novel analytical method  on household energy services 
puts the energy sources for cell-phone charging as a last energy service that needs 
intervention while by importance-ranking the service on top of water heating. By eliminating 
the services which already meet people‘s satisfaction, the applied analytical method is 
consistent with the phenomenon of diminishing marginal returns of a service [79] i.e. 
additional interventions on the satisfactory services may not increase people‘s satisfaction as 
much as if the satisfaction level were below 3; and thus may also not significantly increase 
people‘s support towards new intervention programmes directed at the satisfactory services.  
Essentially, the energy solutions and deployment mechanisms proposed by this thesis aimed 
to address the elicited priorities and people‘s concerns about their energy sources. In the 
context of sustainable livelihood approach [20,21] for Likoma Island; and based on 
experiences reported in [50,52]; electricity, though perceived as least important, can enhance 
satisfaction of the services which were perceived as most important and of high priority i.e. 
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health and education services; which can also reduce  the livelihood vulnerability as will be 
discussed chapter 7.  
6.3 Social Practices Influencing Energy Demand on Likoma 
The social practices that can influence energy consumption on Likoma Island are as follows: 
Wedding Ceremonies: It was indicated that Likoma Island registers between 5 and 10 
wedding ceremonies per year on average. During a wedding about 2 tonnes of firewood are 
used for catering. The weddings usually take place between June and November  
Evening leisure:  After 17:00 hours, men usually go to tourism service providers for drinking, 
and eating out. As a consequence the tourism service providers do more cooking and grilling 
in the evenings. This practice happens all year round but mainly between March and 
December when fishing is in season.  
Televised football matches: The people on Likoma Island especially men are fans to the 
European football. Thus, during the European Football season (August to May and mainly 
between 19:00 hours and 22:00 hours Central African Time) TVs can contribute significantly 
to household electricity demand; those who do not have TVs watch the games at leisure 
centres.  
Funeral ceremonies: It was indicated that on average, half a tonne of wood is used for 
preparing meals, and for a traditional overnight-fireplace before burial. Traditionally, it is 
required that every member of the village and surrounding villages should attend a funeral 
ceremony even if one is not related to the deceased and the attendees are provided with food. 
Funeral gatherings also take place when a member of the Island who lives on the Mainland 
dies even if the remains are not transported to the Island. During such gatherings, tea is 
shared to the attendees.  
Fishing: Lighting energy (usually by paraffin) is required for night-time fishing. Based on 
data from sixteen fishing households, the average amount of paraffin used by a fishing 
household per month was 258 litres, with 21 litres per month as the minimum and 1,500 litres 
per month as the maximum; compared to an average of 3 litres per month for lighting per 
household per month (ranging between 1 litre and 10 litres per month) for 31 households; see  
Figure 6-7 and Figure 6-8. Additionally, when casting and pulling out fishing nets, boats run 
by diesel or petrol engines are used. 
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Figure 6-7: Histogram for amount of paraffin used for fishing per month on Likoma Island 
 
Figure 6-8: Histogram for amount of paraffin used for lighting per month on Likoma Island 
Additionally, small fish, locally known as ‗Usipa‘ is usually dried by the sun in the open. 
Large fish is pre-grilled in wood-fired ovens in readiness for sale or storage. The traditional 
oven for fish grilling is shown in Figure 6-9. The fishing season runs mainly from April to 
November; but the large fish can still be caught between November and April as was 
observed during the survey ( in January).  
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Figure 6-9: Wood-fired oven for traditional fish-processing 
It was also observed that primary schools had feeding programmes whereby pupils were 
served with maize-flour porridge. According to the ladies who prepared porridge for one 
primary school (St Peter‘s), cooking porridge for pupils consumed about half a tonne of 
firewood per month for each primary school. Figure 6-10 shows the stoves which were used 
by the school feeding programme.  
 
Figure 6-10: Firewood stoves used in school feeding programmes 
In general, developing alternative energy sources to traditional energy sources requires 
looking beyond the household to include communal activities when estimating energy 
demand. Whereas activities such as wedding can be planned and ensure that energy demand 
for such events coincide with renewable energy generation, funerals are unpredictable. In 
Malawi, and Likoma in particular, burial of remains of departed persons cannot be postponed 
for more than two days. Thus energy demand activities such as cooking for funeral events 
cannot be shifted for more than a few days to coincide with any imminent predicted energy 
generation from intermittent sources. On the other hand, the inclusion of energy demand for 
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weddings and funerals when sizing renewable energy systems could result in costly 
oversizing of energy systems. However, as will be discussed in chapter 7, with a certain 
extent of culture change and depending on the timing of the communal events, excess energy 
from already designed energy systems could be used.  
6.4 Household Purchasing-power for Energy 
Table 6-2 on page 157 present a summary of statistics on how households responded when 
asked to indicate their expenditure on household energy services and their willingness-to-pay 
for energy. As can be seen from Table 6-2, the existing expenditure for all household energy 
services on Likoma was estimated at US$11.00 per month per household and the willingness-
to-pay for energy was estimated at US$5.00 per month. The willingness-to-pay for capital 
costs relating to an energy system was estimated at US$80.00. Based on the household 
energy requirement as was estimated in chapter 4; at the LCOE of the optimal grid based 
hybrid system (US$0.441 per kWh); the households could afford 5 per cent of their energy 
requirement from the existing energy expenditure if they depended entirely on electricity for 
their energy needs. At a subsidised tariff of US$0.085 per kWh, the households could meet 
26 per cent of their total energy requirement. 
Moreover, the household willingness-to-pay for capital costs (US$80.00) could only meet 0.2 
per cent of the capital cost for the adequately sized household PV system as was presented in 
the previous chapter. Thus, although the photovoltaic and wind based systems could be 
cheaper than the diesel-fired electricity, their tariff would still be higher than the household 
purchasing-power for energy which still puts vulnerability to energy poverty on households.  
Figure 6-11 shows the incidences of financial pressure due to energy bills. 
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Figure 6-11: Incidences of financial pressure resulting from energy costs 
As can be seen from Figure 6-11 , at the existing total energy expendindure of US$11 per 
month per household (as shown in Table 6-2), nearly 50 per cent of the respondents indicated 
having an experience of financail pressure due to energy bills. 
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Table 6-2: Household purchasing-power for energy on Likoma Island in Malawi 
Description Statistic value Std. Error 
 
Total energy 
expenditure per month 
(valid responses = 163) 
Mean (US$11)44F
45
 US$0.68 (6%) 
95% Confidence Interval 
for Mean 
Lower Bound US$9  
Upper Bound US$12  
Median US$8.5  
Minimum US$0.75  
Maximum US$44.25  
Interquartile Range US$11  
Skewness 1.345 .190 
Kurtosis 1.796 .378 
Willingness-to-pay for 
energy systems capital 
costs 
(valid responses = 130) 
Mean US$80 US$6.86 (7%) 
95% Confidence Interval 
for Mean 
Lower Bound US$66  
Upper Bound US$93  
Median US$56.25  
Minimum US$1.25  
Maximum US$375  
Range US$373.75  
Interquartile Range US$105.63  
Skewness 1.484 .212 
Kurtosis 2.236 .422 
Willingness-to-pay for 
energy per month 
(valid responses = 179) 
Mean US$5.28 US$0.38 (9%) 
95% Confidence Interval 
for Mean 
Lower Bound US$5  
Upper Bound US$6  
Median US$3.75  
Minimum US$0.25  
Maximum US$37.50  
Range US$37.25  
Interquartile Range US$3  
Skewness 2.936 .182 
Kurtosis 11.895 .361 
It is difficult to compare houshold energy-expenditure as prices of primary energy sources 
vary by location; but suverys carried out in other parts of Malawi reported average monthly 
expenditure of about US$3 on lighting alone [35,159]. Regarding the willingness-to-pay, 
values ranging from US$2 to US$10 per month for lighting were reported from Malawi and 
other low-income countries [38,39,46].  
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 US$1.00 = MWK400.00 
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6.5 Existing and Desired Business Enterprises 
Figure 6-12 and Figure 6-13 show how households responded when asked to indicate their 
current and desired business enterprise. On the vertical axis is a list of business types and on 
the horizontal axis is the number of households who indicated their involvement or interest in 
the type of business enterprise.  
 
Figure 6-12: Popular business enterprises on Likoma Island 
 
Figure 6-13: Desirability of  business enterprises on Likoma Island 
Figure 6-12 shows that the most practised business enterprises were related to fishing and 
Figure 6-13 shows that fishing related enterprises still remained the most desired enterprise. 
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As was discussed in chapter 3; linking renewable energy systems to income generating 
activities is essential to making the technologies sustainable. From the prevailing business 
enterprises on Likoma Island, fishing, and baking could be potential business enterprises 
which could be part of the productive uses of the excess energy as will be discussed in 
chapter 7. Next, the general economic situation on Likoma Island is discussed. 
6.6 General Socioeconomic Conditions 
Table 6-3  shows a statistical summary of the income structure on Likoma Island. The 
average monthly income from the sampled households was estimated at US$137.00 with 50 
per cent of the households earning less than US$72.71 per month. In general, Likoma Island 
is a low-income community. 
Table 6-3: Monthly income structure of respondent households  on Likoma 
 
 
Figure 6-14 shows classes of respondents by the proportion of income spent on energy per 
month.   
Statistic Unit  Value 
Mean US$ 112.73 
Std. Error of Mean US$ 14.27 (13 %) 
Median US$ 72.71 
Mode US$ 50.00 
Skewness Number 4.544 
Std. Error of Skewness .Number .214 
Kurtosis Number 27.809 
Std. Error of Kurtosis .Number .425 
Minimum US$ 0.42 
Maximum US$ 1,327.50 
Percentiles 
25 US$ 25.00 
50 US$ 72.71 
75 US$ 137.50 
Number of valid responses = 128  
US$1 = MWK400.00 
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Figure 6-14: Respondents' energy expenditure as a percentage of income 
As can be seen from Figure 6-14; 57 per cent of respondents spent up to 9 per cent of their 
income on energy; 14.1 per cent spent between 10-19 per cent of their income on energy; and 
28.9 per cent spent up to 20 per cent of their income on energy.  
At the time of the survey, there were no banking institutions on Likoma Island and 
microfinance services were very limited. However, a community banking cooperative was 
observed in one village: members selected a committee and set saving targets for each 
member; and an elected treasurer was responsible for keeping the members‘ deposits. 
Registered members could borrow money from the deposited funds at a small interest; any 
generated profits were shared among members at the end of the year. The total deposited cash 
including interest was reported to be about MWK1, 000,000 (US$2,860) for the year ending 
December 2012. One household indicated that they had borrowed from the community bank 
in order to buy a radio.  
6.7 Chapter Summary 
The survey findings for Likoma Island show that all of the household energy services, i.e. 
energy for lighting; energy for cooking; energy for TV, radio, radio, cell-phone charging and 
cooking did not meet people‘s satisfaction. Households without access to electricity 
expressed concerns about: 
(a) indoor air pollution resulting from solid fuels which was also indicated to 
cause coughs;  
(b) continuous attention required to keep firewood burning; 
(c)  time spent on collecting firewood and preparing the fire; 
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(d)  drudgery associated with firewood which among others was indicated to 
cause backaches;  
(e) non-durability of dry cell batteries used for LED lighting and powering  
radios;  
(f) spillage of acidic gel from dry cell batteries; and  
(g)  bad odours and risk of accidents from kerosene lamps.  
The findings also show that out of the fundamental social services i.e. water supply, health, 
education and electricity; electricity was the least satisfying service. Households with access 
to grid electricity expressed concerns about the intermittence of the electricity supply due to 
the intermittent dispatching of the diesel generators.  
The energy use pattern shows that 95 percent rely on biomass for cooking; only 5 per cent 
cook using electricity although 45 per cent have access to electricity. As a primary energy 
source for lighting; 21.6 per cent used kerosene lamps, 27.3 per cent used battery powered 
lights and 2.1 per cent used other energy sources such as solar home systems; while 45 per 
cent use grid electricity.  
Interestingly, the findings further show that although electricity was the least satisfying, it  
was perceived as the least important after water supply, health and education. The findings 
also show that water supply met people‘s satisfaction; thus, leaving health, education, and 
electricity as areas that require immediate intervention. The ranking of household energy 
services, from the lowest to highest, was water heating, cell phone charging, radio, TV, 
cooking and lighting. Generally, Likoma Island is a low income community; on average a 
household earns US$112.73 per month and 50 per cent of the households earn below 
US$72.71 per month. The total expenditure on energy averaged US$11 per household per 
month whereas the willingness-to-pay for energy services averaged US$5 per household per 
month. The household willingness-to-pay for capital costs associated with energy systems 
was estimated at US$80. Up to 20 per cent of the household income is spent on energy. 
Given this socioeconomic context of Likoma Island, the next chapter discusses a deployment 
model for photovoltaic and wind based energy systems that could enhance sustainable 
livelihoods on Likoma Island. Potential opportunities and barriers for the deployment model 
are also discussed.   
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Chapter 7 : Integrating Photovoltaic and Wind Energy for 
Sustainable Livelihoods on Likoma Island   
7.1 Introduction 
In chapter 5, alternative photovoltaic and wind based energy systems were presented for 
Likoma Island i.e. grid based and autonomous systems. Essentially, the findings in chapter 5 
have identified a range of options that are economically competitive compared to the existing 
system on Likoma Island. Chapter 6 presented the energy use patterns and socioeconomic 
conditions that exist on Likoma Island. The aim of this chapter is to present a model for 
maximising the sustainable livelihood impacts of the grid based photovoltaic and wind based 
energy systems by assimilating the socioeconomic issues presented in chapter 6. Thus section 
7.2 discusses a novel deployment model for the photovoltaic and wind based energy systems 
for Likoma Island. Section 7.3 discusses the potential livelihood impacts that may arise from 
the adoption of the photovoltaic and wind based energy systems presented in chapter 6 
including the novel deployment model. Section 7.4 discusses the enabling and hindering 
factors for the sustainable adoption of the photovoltaic and wind based energy systems in 
light of the socioeconomics on Likoma Island and Malawi in general. The chapter summary 
is outlined in section 7.5.  
7.2 Deployment Model for Maximising the Livelihood Impacts of 
Photovoltaic and Wind-based Energy Systems on Likoma Island 
The basis of the proposed novel business model is to make productive use of the excess 
energy produced by photovoltaic arrays and wind turbines as was discussed in chapter 5; 
while enhancing access to sustainable energy to non-grid households; and livelihood 
activities and social services which are usually difficult to account for in the sizing of 
embedded photovoltaic and wind energy systems.  
In the previous chapter, it was shown that only 45 per cent of households on Likoma Island 
have access to grid electricity. Of the remaining 55 per cent; 22 per cent (330 households) use 
paraffin lamps, 27 per cent (405 households) use battery powered LED Lamps, while 4 per 
cent (60 households) use candles for primary lighting. Additionally, it was observed that 
fishermen use a significant amount of paraffin for fishing lighting. Based on the works 
reported in [83,87,160], paraffin lamps and fishing lighting on Likoma Island could be 
replaced with lanterns which can be recharged at one central point usually known as energy 
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kiosk as was discussed in chapter 2. Conventional energy kiosks are usually off-grid energy 
centres. However, a novel way of delivering energy kiosks on Likoma Island would be to 
connect the kiosk(s) to the Island‘s grid. Figure 7-1 shows a schematic diagram of the 
proposed novel deployment model.  
 
Figure 7-1: Proposed deployment  model  for grid-based photovoltaic and wind power sytems for Likoma Island  
As shown in Figure 7-1, the energy kiosk can use the excess electricity from the photovoltaic 
array and/or wind turbines to charge batteries which can be used to provide flexible energy 
services to the community. For example, it was seen in chapter 5 that, typically, 600 kWh of 
excess energy would be produced in January by the optimal PV-wind-diesel-battery system; 
which is equivalent to 384 kWh of useable energy per day for the kiosk assuming a battery 
charge-discharge efficiency of 80 per cent and a depth of discharge of 0.8. It can be shown 
that 384 kWh can provide for the daily electricity needs of 69 households at 90 per cent 
inverter efficiency and electricity consumption of 5 kWh per day per household as was 
estimated in chapter 4. However, a household using an LED lantern would consume 
significantly less than 5 kWh per day. For example, with a 2 W LED light, the daily lighting 
energy consumption would be 120 Wh for a typical household as was discussed in chapter 4. 
Thus, for the 795 households (total for households using paraffin, batteries and candles for 
lighting) the daily energy required for lighting would be 95.4 kWh i.e. the typical daily 
excess energy would also exceed the energy requirement for charging lanterns for all of the 
households who do not have access to electricity. Apart from charging solar lanterns, other 
energy services by the energy kiosk could include charging cell-phones; making ice-blocks 
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especially for fresh-fish preservation. The energy kiosks could also act as selling points of 
cold refreshments, including water for travellers.  
According to [87], in 2010, the capital cost for the energy kiosk ranged from US$25,000 to 
US$150,000 in Kenya, depending on capacity. But for the proposed set up on Likoma Island, 
the capital cost could be significantly lower since the PV modules or wind turbines which 
charge the batteries in a conventional energy kiosk are not necessary. For example, based on 
the battery installed costs as was estimated in chapter 4; a 150 kWh charging station could 
cost US$52,000 for the batteries. In general, it is feasible to set up the charging station at 
about US$60,000. Thus, with the relatively low additional cost; it is possible to address the 
concerns which were raised by the households without access to electricity as was presented 
in chapter 6; needless to mention about the further reduction of emissions by the replacement 
of the paraffin lamps. The tariff for the excess energy to the kiosk could be fixed at a lower 
cost than the LCOE of the hybrid energy system to ensure the kiosk operator does not charge 
more than what is paid by grid customers for their electricity per kWh. For example, 
assuming a US$60,000 investment as stated above for a 150 kWh energy kiosk, and a battery 
life of 10 years, it can be shown (appendix A7) that the levelised cost for providing 120 Wh 
per day for lighting to a household using rechargeable lanterns would be around US$0.531 
per kWh if the kiosk buys the energy at US$0.441, the LCOE of the PV-wind-diesel-battery 
system as was shown in chapter 5, Table 5-16. However, with a household consumption of 
120 Wh per day as estimated above, the total lighting cost for the household would be 
US$1.91 per month compared to US$4.53 per month a monthly paraffin consumption of 3.02 
litres as was shown in section 6.3, at US$1.5 per litre as of 2013 on Likoma Island. If the 
kiosk would be big enough to absorb all the excess energy such that the no curtailment tariff 
of US$0.329 per kWh shown in Table 5-16 applies, the cost could go down to US$1.6 per 
month per household. Furthermore, if the kiosk buys the energy at the subsidised rate of 
US0.085 per kWh, the cost could reduce further to US$0.93 per month per household 
offering financial savings of over 300 per cent for the household and alleviating the financial 
pressure on households as was discussed in section 6.4. 
In addition, the energy kiosk has potential to transcend the challenge of delivering alternative 
energy sources for communal functions on Likoma Island. As firewood becomes scarcer and 
in order to reduce firewood importation from Mozambique as was mentioned in chapter 6, it 
is essential that the Island finds alternative energy sources to cooking for funeral, and 
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wedding ceremonies. Novel designs of energy kiosks could include electrical cooking as a 
private or a community business. Kiosk power can be stored for wedding-ceremony energy 
consuming activities such as cooking or the wedding activity could be planned to coincide 
with production of excess energy. Instead of buying firewood, the wedding organisers could 
buy power from the kiosk provided the kiosk is designed with some mobility and has 
appropriate electrical cooking facilities which probably the wedding organisers might not 
have. Coincidentally, the findings in section 6.3 show that weddings usually take place 
between June and November which is also the period of high excess energy as shown in 
Figure 5-12. In addition, the energy kiosk could sell back power to the grid and reduce the 
dispatching of the diesel generators when wind or photovoltaic production reduces.  
In general, the grid connected energy kiosk would enhance the revenue for the grid supply, 
deliver quality energy services to non-grid connected households, open up business 
opportunities and provide employment to the operators.  
Apart from the energy kiosk, another possible use of excess energy would be water pumping 
for agribusiness. A deferrable water pump for small scale irrigation agriculture could be an 
essential synergetic enterprise with the mini-grid system. Irrigated crops could include 
vegetables which could be sold to households and restaurants. It was observed during the 
survey that vegetables were mainly sourced from the mainland. Additionally, with further 
power systems analysis electric locomotives for local travel on the Island (e.g. an ambulance 
for the hospital, and emergency response for the police services) and fishing boats could be 
introduced and be charged during times of excess energy production. Next, the potential 
livelihood impacts by the integration of photovoltaic and wind energy are discussed. 
7.3 Potential Sustainable Livelihood Impacts by Photovoltaic and Wind 
based Electricity Generation on Likoma Island 
There are tangible and intangible benefits which can be realised by the integration of 
photovoltaic and wind electricity on Likoma Island. As was discussed in section 2.5, each of 
the alternative energy systems identified in chapter 5, can be evaluated using computer tools 
such as SUREDSS, PROMETHEE, or ELECTRE to determine (with visualisations) one that 
can make relatively high impact or one that may be preferred by stakeholders. Nevertheless, 
this section provides a descriptive analysis of the potential livelihood impacts that can be 
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made by the adoption of the identified alternative energy systems. The impacts are discussed 
based on the sustainable livelihood framework discussed in section 2.4. 
7.3.1 Reducing Vulnerability 
As was discussed in section 1.2, the vulnerability context of Likoma Island is mainly due to 
the dependence on diesel which is affected by a number of local and international factors 
such as foreign exchange reserves, transport infrastructure, and fuel prices. In 2012, due to 
shortages of foreign exchange, there was fuel scarcity in Malawi which resulted in electricity 
supply on Likoma Island being reduced further from the 14 hours per day and sometimes 
staying with no electricity for days. And to make matters worse, the ferry that operates 
between the Island and the mainland which is crucial for the transportation of the diesel 
developed a fault and was removed from service for about a year. This forced ESCOM to hire 
small boats which were relatively very risky and at exorbitant prices, costing ESCOM about 
US$4000.00 per month in 2012 and part of 2013. Figure 7-2 shows a photo of the boat that 
was used to transport the diesel to Likoma Island when the main ferry failed. 
 
Figure 7-2: Expensive and risky boat used for  transporting diesel to Likoma Island 
Moreover, local people involved in the supply chain of diesel and paraffin for household 
lighting and fishing use similar unsafe boats for transport between the Island and the 
mainland, see Figure 7-3. 
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Figure 7-3: Unsafe means of  transportation beween Likoma Island and mainland Malawi 
(as witnessed by the researcher on his way to Likoma, the boat had a number of breakdowns which resulted in 
changing its engine amid the Lake but without hope of rescue) 
In addition, for emergency electricity supply when the grid supply is OFF, the hospital on 
Likoma Island relies on a gen-set (see Figure 7-4) which is again prone to the fuel supply 
chain logistical challenges. 
 
Figure 7-4: A gen set used for emmergency electricity supply for Likoma Island hospital in January 2013 
Given the above situation, it can be seen that by reducing the dependence on diesel, the 
photovoltaic and wind based energy systems would significantly reduce the vulnerability 
context of Likoma Island. Moreover, the reduced reliance on diesel would reduce overloading 
of small boats arising from diesel transportation to the Island. There have been cases when 
goods are offloaded into the lake to prevent boat capsizing. Thus, by reducing the amount of 
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goods carried in boats, the risk associated with the poor transport system to and from the 
Island could be minimised 
7.3.2 Impact on Livelihood Assets 
7.3.2.1 Financial Assets  
As was seen in Table 5-16 in chapter 5, the optimal PV-wind-diesel-battery system could 
save 28 per cent (US$2,873,887) over the energy system‘s lifecycle compared to the 14-hours 
electricity supply by an exclusive diesel based generation system. The financial savings are 
highlighted by the reduction in the tariff subsidy as shown in Table 7-1 and Table 7-2. 
Table 7-1: Potential avoided subsidy by alternaative grid based energy systems for LikomaIsland (based on best 
estimate of model inputs)  
Subsidised electricity tariff = US$0.085 per kWh for 2014 
System type Levelised 
cost of 
energy 
Subsidy 
required 
(US$ per 
kWh) 
Subsidy 
difference 
with base 
(US$ per 
kWh) 
Subsidy 
difference as 
a percentage 
Diesel Generators (base case) 0.888      0.803                  -    0% 
PV-wind-diesel-battery 0.441      0.356             0.447  -56% 
PV-diesel-battery 0.452      0.367             0.436  -54% 
PV-wind-battery 0.535      0.450             0.353  -44% 
PV-battery 0.569      0.484             0.319  -40% 
Wind-diesel-battery 0.803      0.718             0.085  -11% 
Based on the annual electricity demand of 1,825,743 kWh as was estimated in section 4.4.10; 
the avoided tariff subsidy per year can be estimated at: 
 US$816,100 by the PV-wind-diesel-battery system;  
 US$796,000 by the PV-diesel-battery system;  
 US$644,500 by the PV-wind-battery system; 
 US$ 582,400 by the PV-battery system; and  
 US$155,200 by the wind-diesel-battery system.  
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Table 7-2 shows the potential avoided tariff subsidy by the adoption of the autonomous 
photovoltaic and wind based energy systems. 
Table 7-2: Potential avoided subsidy by alterantive autonomus energy systems for Likoma Island 
System type Levelised 
cost of 
energy 
Subsidy 
required 
(US$ per 
kWh) 
Subsidy 
difference 
with base 
(US$ per 
kWh) 
Subsidy 
difference  
(%) 
Diesel Generators (base case) 0.888 0.803 0 0 
Household 0.771 0.686 - 0.117 -15 
Likoma secondary school 0.554 0.469 - 0.334 -42 
Chipyela secondary school 0.67 0.585 - 0.218 -27 
St Peter's hospital 0.524 0.439 - 0.364 -45 
It can be shown from Table 7-2 and the electricity needs of the institutions presented in 
section 4.4.10, that the annual financial savings based on avoided tariff subsidy can be 
estimated at: 
 US$700 per household;  
 US$25,500 for Likoma secondary school;  
 US$3,100 for Chipyela secondary school; and 
 US$25,600 for the hospital.  
In addition, with the deployment model discussed in section 7.2; the operations of the energy 
kiosk would improve further the revenue for the energy system; while increasing household 
savings through avoidance of the rising paraffin prices and dry cells.  
Also, the implementation of the project will provide jobs which would enhance the local 
economic structure on Likoma Island.  
7.3.2.2 Physical Assets 
By reducing the dependence on diesel, the photovoltaic and wind based energy systems can 
enhance the reliability of the power system. As was also argued in chapter 5, the photovoltaic 
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and wind based energy systems present an opportunity to provide Likoma Island with 
electricity for 24 hours per day. The improved reliability and the increased time of access to 
power can make a significant contribution towards satisfactory performance of other physical 
assets on Likoma Island such as schools, hospitals, water supply, and telecommunication 
services. Additionally, the reduced diesel and paraffin consumption would reduce pressure on 
the transportation system between the island and the mainland by reducing travel which 
arises from the supply chain of fossil fuels.  
7.3.2.3 Human Assets 
Empirical evidence from Nepal [36] and Kiribati [41] shows the education and health 
benefits and the opportunity of livelihood diversification provided by reliable electricity 
supply. For example in Nepal electricity increased the appearance of students in school 
leaving certificates because of extended study time; and disease incidences such as coughs, 
eye infections and respiratory problems decreased by between 33 per cent and 57 per cent 
due to reduced indoor pollution from solid fuels such paraffin lamps [36]. In Kiribati, [41] 
reported increased night time activities e.g. making mats and cleaning fish by households. 
Generally, the opportunity of 24-hours electricity services and the proposed deployment 
model would enhance: 
 student performance at school through extended study time and the motivation by the  
use of quality lighting;  
 improved health care in hospitals because of quality lighting throughout the night, 
ready availability of medical equipment functions, and motivation for the staff; 
 household wellbeing through reduced indoor pollution;  reduced coughs, reduced acid 
spillages from dry cell batteries  as was discussed in chapter 6; and  
  reliable access to information and communication technologies e.g. TV and mobile 
phones.  
The above impacts would in turn enhance people to undertake their livelihood strategies more 
effectively. Moreover, the technology, knowledge and skills transfer resulting from the 
construction and management of the photovoltaic and wind energy systems would make a 
significant contribution to the human capital on Likoma Island and Malawi in general. This 
could also be a potential source of inspiration for students and the youth in general on the 
Island who usually do not have the opportunity to see similar systems on the mainland; and 
thus widening their potential livelihood strategies.  
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7.3.2.4 Natural Assets 
The alternative energy systems would reduce emissions. For example, as was shown in 
Figure 5-10, the optimal PV-wind-diesel-battery system could save 14,727 tonnes of carbon 
dioxide equivalent per year; thereby helping keep the atmosphere clean and mitigate the 
effects of climate change. Moreover, the reduction of diesel consumption achieved by the 
PV-wind-hybrid-battery system would contribute to savings of oil reserves 
7.3.2.5 Social Assets 
The development process of the photovoltaic and wind energy systems has potential to 
enhance the connectedness of people and institutions on Likoma Island and Malawi in 
general, and internationally. This would result from consultative processes and networks 
which would be created to facilitate the construction, management and sustainability of the 
energy systems. As argued by [21], the social impacts of project development process are 
difficult to quantify, but they make significant contribution to human capital by enhancing 
people‘s access to institutions and influence which in turn increases people‘s livelihood 
opportunities. Moreover, the potential social networks would facilitate sharing of knowledge 
which is an important part of diffusion of innovation as was discussed in section 2.6. When 
managed properly, the created networks could enhance mutual trust among key stakeholders 
particularly the local people which may facilitate cooperation leading to more opportunities 
for the local people. 
7.3.3 Influence and Access to Livelihood Assets 
As discussed earlier, the 14-hours electricity supply prevents the people from full utilisation 
of e.g. health and education facilities. However, given the cost factors for the optimised 
photovoltaic and wind based energy systems as presented earlier in section 7.3.2.1, there is 
potential to provide Likoma Island with 24-hours electricity supply to enable the people use 
the livelihood assets effectively. In addition, if the institutional systems presented in section 
5.7 could feed their excess power to the Island‘s grid; the photovoltaic and wind based energy 
systems would give households and institutions on Likoma Island access to the public 
financial assets through the feed-in tariff (FIT) which was recently introduced in 2012; see 
Zalengera et al  [13]. 
The next section discusses the potential enabling and hindering factors for the integration of 
the photovoltaic and wind electricity on Likoma Island. 
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7.4 Enabling and Hindering Factors for the Sustainable Adoption of 
Photovoltaic and Wind based Energy Systems for Likoma Island 
The final system that can be implemented on Likoma Island depends on a number of factors 
mainly driven by the interests of both local and international stakeholders supporting 
renewable energy development. This section discusses potential barriers and opportunities for 
a sustainable integration of the photovoltaic and wind electricity on Likoma based on the 
findings of this research.  
7.4.1 Political 
It is conceded by government institutions that the diesel generators on Likoma Island are 
expensive as indicated in [12]. This indicates that integration of photovoltaic and wind 
electricity on the Island may have high political support for the implementation; apart from 
the Island‘s low influence on political swings due to the low population (10,500) which may 
reduce commitment from high level political leadership. 
7.4.2 Economic 
The key cost factors for the modelled systems are shown in Table 7-3.  
Table 7-3: Cost indcators for the optimal system types for Likoma Island (based on best estimate of model 
inputs) with a precision of +/- 15% 
Optimal system type Capital costs 
(US$) 
Discounted 
operating costs 
(US$ per year) 
Grid based 
PV-wind-diesel-battery 4,000,000 362,000 
PV-diesel-battery 3,600,000 429,000 
PV-wind-battery 6,900,000 217,000 
PV-battery 7,100,000 260,000 
Wind-diesel-battery 5,100,000 902,000 
Autonomous systems   
PV-wind-battery systems  for St Peter‘s hospital 282,000 5700 
PV-wind-battery for Likoma Secondary School. 312,000 7800 
PV-battery system for Chipyela secondary school 71,000 1,700 
PV-wind-battery system for a household 36,000 700 
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With Malawi‘s weak economy as discussed by [13], mobilising capital financial resources 
from within local institutions for the systems would present significant challenges. However, 
given that the annualised costs of the diesel generators, at US$1,121,000, for the 14 hours 
operations exceed the annualised costs of the alternative energy systems (at US$800,000; 
US$830,000.00; US$980,000; and US$1,000,000 for the PV-wind-diesel battery, PV-diesel-
battery, PV-wind-battery, and PV-battery systems, respectively); it is feasible for ESCOM or 
the government to borrow money and service a loan with annuities within the findings of this 
research. Moreover, based on ESCOM‘s 2012 financial report [144] the initial capital cost 
(US$4,000,000) for the overall optimal system could be equivalent to about only 25 per cent 
of the organisation annual profits. It is also noted that there is a rural electrification fund 
which can be used to finance the capital costs of energy projects [13]. Thus, given the 
potential savings by the alternative energy systems the capital cost should not be a hindering 
factor.  
On the other hand, the current financing mechanism which is based on FIT can hinder private 
investors from investing on Likoma Island‘s energy systems. At US$0.20 per kWh and 
US$0.13 per kWh as feed-in tariffs for PV and wind respectively; FITs are relatively lower 
than the predicted LCOE for the alternative energy systems by a factor of less than 0.5 
making the PV and wind systems not bankable. But, noting that the LCOE is the minimum 
price that can be charged on the energy for the investment to breakeven [9]; integration of the 
photovoltaic and wind electricity by using private investors should be cautiously analysed. 
The private investor would add a profit margin to the breakeven LCOE thereby reducing the 
financial benefits of the photovoltaic and wind integration. This would also affect the end-
users, especially households, since the current policy [12] states that 70 per cent and 85 per 
cent of the PV electricity FIT  and wind electricity FIT respectively would be passed on to 
the consumers.  
7.4.3 Social  
As was seen in section 6.4, about 50 per cent of the households indicated an experience of 
financial pressure due to energy cost. With the high incidence of financial pressure and low 
purchasing-power as was seen in section 6.4, it is not possible to charge an economic tariff in 
order to recover the investment costs from the end-users. Also, based on section 6.2.2, the 
importance-ranking and the prioritisation indices show that electricity was not perceived as a 
priority; but health and education were. This finding has potential significant implications on 
174 
   
local support for energy systems. For example, during times of limited finance it may be 
perceived more important by households to pay for a child‘s school fees and default an 
electricity bill. In general, long term financial support would still be needed for the systems. 
Nevertheless, the required long term financial support is significantly lower (as already 
shown in the previous sections) than for the diesel generators while offering a continuous 
service. On the other hand, the proposed energy kiosk could consider receiving payments for 
energy services in kind, e.g. fish; which can be supplied to retail markets on the mainland. 
7.4.4 Technology 
The power system control might be affected by poor weather forecasting which could affect 
the scheduling of the backup diesel generators and potentially leading to system unbalance 
and/or reduced financial benefits from the PV and wind integration. Additionally, as 
electricity demand grows, for example, with additional grid connections; energy efficiency 
technologies would be very crucial to ensure continued adequacy of the systems. For example, 
moving from the 15 W lights as was modelled in this research to lower wattage lights e.g. 9 
or 7 watts could accommodate approximately twice the lighting demand modelled in this 
thesis. Besides, automatic on/off switching for lights especially in public institutions could 
play an important role to ensure better load management, but these require different projects 
to complement the integration of the photovoltaic and wind electricity. 
7.4.5 Legal  
The major legal barrier hindering the integration of the alternative energy options on Likoma 
Island is the FIT policy which stipulates that eligibility for the FIT is for systems which are 
equal to more than 500 kW. The 500 kW minimum size leaves out household and 
institutional systems which may be less than 100 kW as was seen in section 5.7. Furthermore, 
the policy does not have a tariff for hybrid systems. The disaggregation of the FIT by 
technology in hybrid system present challenges in the disaggregation of investment costs for 
calculating the LCOE since some equipment may be shared. Moreover, disaggregation of FIT 
for a hybrid system may lead to higher total FIT than if an aggregated tariff were applied. 
7.4.6 Environmental  
The potential carbon emission savings by the integration of photovoltaic and wind electricity 
generation present more opportunities for financing. e.g. the clean development mechanism 
[161], the Global Environmental Facility (GEF) [162] and the Sustainable Energy for All 
initiative [1]. On the other hand, the thousands of batteries used for energy storage may 
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reduce the environmental benefits of the systems; and this may require incorporation of 
robust post-decommissioning waste management system. Another important environmental 
issue relating to the selection of an appropriate alternative energy system for Likoma Island 
could be the space requirement, particularly for the PV system component. However, the 
project costs included environmental impact assessment which would address the 
environmental impacts of the alternative energy systems identified by this research. 
In summary, given the results presented in this thesis, and with more stakeholder 
consultations, a detailed multi-criteria analysis can be applied to identify the most appropriate 
system for Likoma Island.  
7.5 Chapter Summary 
The integration of photovoltaic and wind electricity offers a number of opportunities for 
Likoma Island and Malawi in general i.e. 
 Reducing vulnerability; 
 Saving financial assets; 
 Enhancing clean energy access to all households ; 
 Enhancing livelihood opportunities;  and 
 Reducing carbon emission savings. 
However, there could be institutional and social challenges that may affect sustainable 
adoption of the integration of the photovoltaic and wind systems on Likoma Island. A multi-
criteria analysis could be essential to select an appropriate alternative from the systems 
identified by this research.   
The next chapter outlines the thesis conclusion and recommendations for further work. 
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Chapter 8 : Conclusion, Recommendations and Further Work 
8.1 Introduction  
The logistical challenges of diesel supply chain and the volatility of fossil fuels threaten the 
achievement of sustainable livelihoods for island communities relying on diesel generators 
for their electricity services.  This research intended to investigate the technical and economic 
feasibility of photovoltaic and wind generated electricity for Likoma Island in Malawi in 
order to help the people achieve sustainable livelihoods. Likoma Island which is operated as 
an independent grid relies on diesel generators to meet its electricity needs. Due to high 
operation costs, the diesel generators are dispatched for only 14 hours per day: from 6:00 
hours to 12:00 hours, and from 14:00 hours to 22:00 hours. The intermittent electricity supply 
increases the vulnerability of Likoma Island due to disrupted medical care, education services 
and economic activities.  
The literature on renewable energy and sustainable livelihoods questions the capability of 
renewable energy technologies to meet the requirements of users. Additionally, the financial 
sustainability of renewable energy technologies relative to conventional technologies is 
usually questioned. Also, the implementation practice of renewable energy technologies 
shows that little attention is given to the integration of socioeconomic contexts and alignment 
of user‘s priorities with renewable energy systems development. Therefore using the case 
study of Likoma Island, the research aimed to: 
i. determine the energy needs and their prioritisation;  
ii. estimate the energy demand and its profile; 
iii. find out social practices that can influence energy consumption; 
iv. determine household purchasing-power for energy; 
v. find out existing business enterprises and desired business enterprises; 
vi. conduct wind and solar resource assessments; 
vii. model the technical and economic performance of solar photovoltaic and wind 
electricity generation relative to diesel generators; and 
viii. devise an energy-system deployment model that could enhance sustainable 
livelihoods on Likoma Island and Malawi. 
Thus section 8.2 provides a summary of key findings for each of the specific objectives 
intended by the research. Section 8.3 outlines the key contribution to knowledge made by the 
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research. Section 8.4 outlines the policy implications of the research findings, Section 8.5 
outlines further research that may follow from these research findings; and finally, the final 
conclusions are stated in section 8.6. 
8.2 Key Research Findings      
8.2.1 Energy Needs 
Three types of energy needs i.e. energy needs for communal, household, and economic 
activities were identified as follows. 
8.2.1.1 Communal or shared energy needs 
The main communal energy needs included energy required to provide for public 
infrastructure. These are:  
 Health or medical care: There is one main hospital, St Peter‘s, which needs energy for 
medical equipment, lighting, and catering services for patients. 
 Education: There is one boarding secondary school (Likoma), one community 
secondary school (Chipyela), nine primary schools, and a community library. The 
main energy needs for the education services are lighting, and other facilities such as 
refrigerators and computers for teaching. In addition, Likoma secondary school needs 
energy for catering services for the students. 
 Water supply: There is a water treatment plant requiring energy mainly for water 
pumping. 
 Grain Milling: There are nine motor-run machines for grinding and milling maize and 
rice, the Island‘s staple food. 
 Telecommunications: There are two telecommunication towers for mobile and 
landline telephone services.  
8.2.1.2 Household energy needs and energy sources 
The key household energy needs for Likoma Island are cooking, lighting, refrigeration, space 
cooling, water heating, cell-phone charging, television screen, radio and clothes ironing. 
The energy use pattern shows that, of the nearly 1,500 households living on Likoma Island, 
95 percent rely on biomass for cooking; only 5 per cent cook using electricity although 45 per 
cent have access to grid electricity. As a primary energy source for lighting; 21.6 per cent use 
paraffin lamps, 27.3 per cent use battery powered lights and 2.1 per cent use other energy 
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sources such as solar home systems; while 45 per cent use grid electricity. On average, a 
household using paraffin for lighting uses about 3 litres per month. From the data collected, it 
was also estimated that out of the 681 households (45 per cent of the household population) 
with access to grid electricity, 588 had television screens, 285 had refrigerators, and 426 had 
radios.  
8.2.1.3 Energy needs for economic activities and administrative offices 
The key economic activities on Likoma Island include the tourism industry, the fishing 
industry, offices, and small and medium enterprises in form of retail shops and restaurants. At 
the time of the survey, there were five key lodges that provided accommodation services for 
tourists and travellers. There was also a cultural heritage centre on the Island. Additionally, 
there is a town centre with merchandise shops, restaurants and administrative offices. The 
energy needs for lodges and the market place include cooking, lighting, refrigeration, space 
cooling, and entertainment appliances such as television screens and radios. For offices, the 
main energy need is lighting at night. 
The main energy needs for the fishing industry include lighting since fishing is usually done 
at night.  Diesel or petrol engine boats are also used for casting and pulling out fishing nets.  
8.2.2 Prioritisation of Energy Services   
Prioritisation of services was based on the perceived importance of the services and the 
perceived satisfaction with the services by the households. Out of the fundamental social 
services i.e. water supply, health, education and electricity; electricity was the least satisfying 
service. Households expressed concerns about the intermittence of the electricity supply due 
to the intermittent dispatching of the diesel generators. Out of the fundamental social services, 
only water supply service met people‘s satisfaction, probably because of tank storage which 
ensured that water is supplied even when electricity is not available.  
For household energy services, the importance ranking, from the lowest to highest, was water 
heating, cell phone, radio, TV, cooking and lighting. All the household energy services did 
not meet people‘s satisfaction. Households without access to electricity expressed concerns 
about: 
 indoor air pollution from solid and liquid fuels which was also indicated to cause 
coughs;  
 continuous attention required to keep firewood burning; 
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  time spent on collecting firewood and preparing the fire; 
  drudgery associated with firewood which among others was indicated to cause 
backaches;  
 non-durability of dry cell batteries used for LED lighting and powering  radios;  
 spillage of acidic gel from dry cell batteries; and  
  bad odours and risk of accidents from kerosene lamps.  
Based on the perceived importance of services and perceived satisfaction with energy 
services and social services; the prioritisation for intervention in the social services was, from 
the first, health, education, electricity, and water. 
8.2.3 Energy Demand 
Based on the existing and needed electrical appliances and equipment on Likoma Island, the 
daily electricity demand was estimated as shown in Table 8-1.  
Table 8-1: Summary of energy requirements for key sectors on Likoma Island 
Sector Daily energy  requirement 
Households (681) 3,189 kWh 
Hospital 193 kWh 
Likoma secondary school  209 kWh 
Chipyela secondary school 39 kWh 
Water supply service 275 kWh 
Grain and Milling 475 kWh 
Telecommunication services 167 kWh 
Others 455 kWh 
Total 5,002 kWh 
The aggregated daily power profile for Likoma Island was estimated with a maximum 
demand of 374 kW and a minimum demand of 104 kW, see Figure 8-1. 
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Figure 8-1: Modelled daily power profile for Likoma Island 
8.2.4 Social Practices Influencing Energy Consumption 
Weddings, funerals, evening leisure, fishing, activities, televised European football matches, 
and feeding programmes in primary schools were notable social practices that could influence 
energy consumption. The study found that: 
 Typically, 5 to 10 wedding ceremonies are conducted per year, each wedding 
ceremony consuming 2 tonnes of firewood for catering services.  
 During a funeral ceremony, about half a tonne of firewood can be used for catering 
and overnight traditional fireplace. It was also found out that funeral vigils are 
conducted when a member of the Island dies on the mainland even if the remains are 
not transported to the Island; and tea is shared to the attendees of such a vigil.  
 After 17:00 hours until 22:00 hours, the electricity demand of leisure centres e.g. 
lodges can increase due to local people, usually men, who go eating and drinking out.  
 Night time fishing contributes significantly to paraffin consumption; on average a 
fishing household could use about 258 litres of paraffin per month for fishing.  
 Large fish is pre-grilled in traditional wood-fired ovens for preservation before sale 
or for future consumption. Thus fuel wood demand can fluctuate depending on the 
daily fish catch.  
 Televised football matches can lead to extended use of television screens since men 
on the Island are fans to the European football.  
Generally, the energy needs for weddings, fishing and fish processing, and funerals present 
challenges to account for in the sizing of embedded photovoltaic and wind energy systems. 
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8.2.5 Household Purchasing-power for Energy 
The study found out that total energy expenditure by households was US$11 per month but 
the households were willing to pay US$5 per month on average for all their energy services. 
The study further found out that at the energy expenditure of US$11 per month, 50 per cent 
of the households indicated an experience of financial pressure due to energy bills. If the 
households on Likoma Island entirely relied on grid electricity; based on the existing 
purchasing-power, they could afford less than 26 per cent of their energy requirement.   
8.2.6 Existing and Desired Business Enterprises  
The study found out that for both existing and desired business enterprises, fishing related 
enterprises (either primary fishing or as a middleperson i.e. buying and selling) were 
preferred by over 40 per cent of the household respondents; followed by grocery shops 
desired by about 20 per cent of the household respondents. Other business enterprises 
practised and desired by households included baking, selling cereals, selling fruits and 
vegetables, selling clothes, and running bars.  
8.2.7 Solar and Wind Energy Resources for Likoma Island 
Based on the solar resource database managed by the US National Renewable Energy 
Laboratory, the daily monthly average irradiation for Likoma Island ranges from 4.8 
kWh/m
2
/day to 6.6 kWh/m
2
/day and averages 5.57 kWh/m
2
/day per year. Synthesis of the 
monthly irradiation averages showed that, during clear days, the typical irradiance for 
Likoma Island ranges between 900 W/m
2
 and 1100 W/m
2
 from August to March; and 
between 600 W/m
2
 and 800 W/m
2 
from April to July. The annual average clearness index is 
0.567 ranging from 0.434 (in January) to 0.662 (in July).    
The study has also developed wind resource maps based on measured data and empirical 
terrain data using specialist Wind Analysis and Application Programme. The wind resource 
maps show that average wind speed on Likoma Island ranges from: 
 1.83 m/s to 4.11 m/s at 10 m height; 
 2.91 m/s to 4.79 m/s at 25 m height 
 3.58 m/s to 5.14 m/s at 40 m height; and 
 3.87 m/s to 5.24 m/s at 50 m height. 
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8.2.8 Technical and Economic Performance of Photovoltaic and Wind Electricity 
Generation   
Based on quotations from international wholesale suppliers and manufacturers, shipping costs 
provided by the contacted equipment suppliers, estimates of costs for associated structural 
works, and estimates of labour costs; the  study arrived at the following installed costs for 
photovoltaic and wind system components for Likoma Island: 
 US$1,175 per kWp of PV; 
 US$57,645 per 10 kW of wind turbine at a hub height of 40 m;  
 US$806 per 2 V of 1,150 Ah  of deep cycle battery i.e. US$350 per kWh installed; 
 US$26,067 per 100 kW of converter; 
For a grid based  photovoltaic and wind energy system, the study estimated US$166,957 for 
development costs such as land acquisition, licences, legal costs, project management, and 
environmental impact assessment; and US$34,435 per year for staff salaries, water and 
electricity charges.  
For each of the three existing generators (250 kVA, 200 kW real power) on Likoma Island, 
the study estimated US$4.35 per hour for operation and maintenance costs, and overhaul 
costs of US$5000 after every 30,000 hours of running.    
Based on the: 
 estimated electricity energy demand; 
 available wind and solar resource; 
  estimated installed and operation costs; and  
 10 per cent discount rate for a lifecycle of 25 years; 
And by using the Hybrid Optimisation Model for Electric Renewables for operation 
simulation and cost optimisation; the study has identified the following feasible systems (for 
24-hours electricity supply) in ascending order of net present costs, see Table 8-2. 
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Table 8-2: Summary of optimisation results at best estimates of optimisation model inputs 
Rank System type45F
46
 NPC 
[initial capital in 
parentheses ] 
(US$) 
Change of NPC 
from D-G NPC 
for 14-hours 
supply (%) 
LCOE 
(US$ per kWh) 
1 PV-wind-diesel-battery 7,300,000 
[4,000,000] 
-28 0.441 
2 PV-diesel-battery 7,500,000 
[3,600,000] 
-26 0.452 
3 PV-wind-battery 8,900,000 
[6,900,000] 
-13 0.535 
4 PV-battery system 9,400,000 
[7,000,000] 
-7 0.569 
5 Wind-diesel-battery 13,000,000 
[5,100,000] 
+31 0.803 
NPC for 14-hours electricity supply by diesel generators  = US$10,176,000  
NPC for 24-hours electricity supply by diesel generators = US$14,639,300 
LCOE for diesel generators = US$0.888 per kWh 
The study also considered potential variations of model inputs which would result in 
significant changes in the energy system configuration and costs. The uncertainties were as 
follows: 
 Potential increase of  PV array capital costs by a factor of up to 2; 
 Potential decrease of wind turbine capital costs by utmost 0.5; 
 Possible sources of finance with interest rate at 1.3 per cent, 3 per cent,  and 15 per 
cent; and  
 Diesel price increase by a factor of up to 1.2.   
With any possible combination of the potential uncertainties, the optimisation results showed 
that a PV-wind-diesel-battery system was the optimal hybrid configuration with a renewable 
fraction ranging between 83 per cent and 99 per cent (appendix A5.1). For all the 
combination of the variations, the NPC and LCOE were lower than similar cost factors for 
                                                 
46
 Configuration of the system types are as follows: 
1: 1,250 kWp PV; 15 × 10 kW wind; 2 × 200 kW diesel generator; 3.9 MWh battery; 500 kW inverter 
2: 1,500 kWp PV; 2 × 200 kW diesel generator; 4.4 MWh battery; 500 kW inverter 
3: 2,000 kWp PV; 15 × 10 kW wind; 9.6 MWh battery; 500 kW inverter 
4: 2,500 kWp PV; 10.9 MWh battery; 500 kW inverter 
5: 65 × 10 kW wind; 3 × 200 kW diesel generator; 3.1 MWh battery; 500 kW inverter 
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the 14-hours electricity supply by diesel generators as is the current situation on Likoma 
Island; except for one sensitivity case when PV price doubled, load increased by 30 per cent, 
and interest rate increased to 15 per cent at the same time. However, this was a highly 
unlikely scenario considering the declining photovoltaic module costs and the existing energy 
efficient light bulbs. 
Additionally, the study modelled and simulated autonomous energy systems for Likoma 
Island Hospital (St Peter‘s), Likoma secondary school, Chipyela secondary school, and for a 
model household.  At the best cost estimate for the system components, the optimal system 
types were as shown in Table 8-3.  
Table 8-3: Summary of opmtimisation results for autonmous institutional PV and/or wind based systems 
Institution Optimal system type NPC 
[initial capital] 
 (US$) 
LCOE (US$ 
per kWh) 
St Peter‘s hospital 75 kWp PV; 10 kW wind;  345 kWh 
battery; 23 kW inverter 
334,000 
[283,000] 
0.524 
Likoma secondary 
school 
100 kWp PV; 10 kW wind; 345 kWh 
battery; 24 kW inverter 
383,000 
[312,000] 
0.554 
Chipyela secondary  
school 
17.5 kWp; 110kWh battery; 10 kW 
inverter 
87,000 
[72,000] 
0.670 
Household 5.4 kWp PV;  82.8 kWh battery; 3 
kW inverter 
42,000 
[36,000] 
0.771 
COE for  diesel-fired electricity  = US$0.888 per  kWh 
Cognizant that electricity tariffs on Likoma Island are subsidised to match the cost of 
electricity on the Mainland Malawi (at US$0.085 per kWh) the study has estimated the 
potential avoided subsidy that could be realised by the implementation of any of the grid 
based or autonomous photovoltaic and wind systems; see  Table 8-4 and Table 8-5. 
The study also noted that both grid-based and autonomous system types produced a 
significant amount of excess energy. For example, the optimal grid PV-wind-diesel-battery 
system would typically produce excess energy of more than 600 kWh per day and 620 MWh 
per year. In order to make productive use of the excess energy produced by the photovoltaic 
and wind systems, the study has proposed and discussed a grid-connected energy kiosk which 
can store excess power from the grid based photovoltaic systems; see Figure 8-2. The stored 
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power could be used to serve non-grid household loads and other flexible loads for livelihood 
and economic activities such as fishing and communal functions e.g. weddings. Where 
institutional systems are installed, the study recommends that they should be installed as grid 
connected so that they can feed any excess power into grid.   
Table 8-4: Potential avoided subsidy by alternative grid based energy systems for LikomaIsland 
Subsidised electricity tariff = US$0.085 per kWh for 2014 
System type Levelised cost 
of energy 
Subsidy 
required 
(US$ per kWh) 
Subsidy difference with 
base case (US$ per kWh) 
Diesel Generators 
(base case) 
0.888 0.803 - 
PV-wind-diesel-battery 0.441 0.356 - 0.447 
PV-diesel-battery 0.452 0.367 - 0.436 
PV-wind-battery 0.535 0.450 - 0.353 
PV-battery 0.569 0.484 - 0.319 
Wind-diesel-battery 0.803 0.718 - 0.085 
Table 8-5: Potential avoided subsidy by alternative autonomus energy systems for Likoma Island 
Subsidised electricity tariff = US$0.085 per kWh for 2014 
System type Levelised 
cost of 
energy 
Subsidy 
required 
(US$ per kWh) 
Subsidy difference 
with base case 
(US$ per kWh) 
Grid diesel generators  
(base case) 
0.888 0.803 0 
Household 0.771 0.686 - 0.117 
Likoma secondary school 0.554 0.469 - 0.334 
Chipyela secondary school 0.67 0.585 - 0.218 
St Peter's hospital 0.524 0.439 - 0.364 
186 
   
 
Figure 8-2: Novel deployment  model for grid-based  photovoltaic and wind power systems  
Finally, by application of the sustainable livelihood framework, the study has given new 
insights into the potential impacts of embedded photovoltaic and wind energy electricity on 
reducing the vulnerability of Likoma Island, saving financial assets for electricity services, 
and enhancing the human, physical, natural and social assets both locally (Likoma and 
Malawi)  and  internationally, and enhancing livelihood opportunities. 
Based on the key findings, the study has made a number of contributions as outlined below. 
8.3 Contribution to Knowledge  
1. Energy use patterns and socioeconomics data: The study has 
generated empirical data regarding the energy use and economic 
conditions e.g. energy demand, energy sources, purchasing power, 
social practices; all of which are essential for renewable energy 
development. The 24-hour electricity demand profile modelled by 
the research is novel; and essential for planning future energy 
systems for Likoma Island.   
2. Microscale wind-mapping: The study has developed wind maps for 
10-m, 25-m, 40-m, and 50-m heights which can be used to identify 
sites for wind turbine installations or further detailed resource 
assessment.   
3. Cost factors for photovoltaic and wind generated electricity relative 
to diesel-fired electricity on Likoma Island: The study has provided 
information about expected real costs and benefits of photovoltaic 
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and wind electricity upon which decisions or further research can be 
based for Likoma Island and Malawi in general.  
4. Novel holistic model for deploying renewable energy systems: The 
research has provided a novel way of delivering energy kiosks along 
with the integration of variable renewable energy sources. The 
deployment model presents opportunities of using excess energy to 
serve non-grid loads especially in communities with a significant 
proportion of un-electrified households and livelihood activities 
which depend on traditional energy sources but most times difficult 
to include in the design of electric renewable energy systems.  
5. New insights of understanding the impacts of renewable energy 
technologies: The application of the sustainable livelihood approach 
in the research has extended the scope for understanding the 
vulnerability context of Likoma Island and the potential impacts of 
renewable energy technologies on the Island; for example, reducing 
pressure on transport systems and minimising the use of unsafe 
transport modes. This also provides the wide scope of future post-
evaluation of the identified alternative energy systems other than 
technology performance alone.   
6. Understanding the opportunity cost of electricity deprivation: The 
findings have quantified the costs for providing 24-hours and 14-
hours electricity services. These costs can assist to assess how the 
avoided costs by the electricity deprivation weigh against the loss of 
livelihood activities and loss of livelihood outcomes caused by the 
electricity deprivation.  
7. Novel analytical method for prioritisation of development 
interventions: The research has developed a novel method for 
calculating prioritisation index for development interventions based 
on importance ranking and existing service satisfaction.  
The research findings have a number of policy implications for Malawi as listed below. 
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8.4 Policy Implications of the Research Results 
1. Opportunity to supply Likoma Island with electricity for 24-hours: The research has 
shown that the cost of 24-hours electricity supply per day with photovoltaic and wind 
based systems are lower than the costs for supplying 14-hours electricity per day by 
diesel generators as is the current situation. This emphasises the need for policy 
commitment to support integration of photovoltaic and wind energy on Likoma Island 
instead of continuing with the 14-hours supply; which apart from being vulnerable to 
fuel rising fuel prices, also deprives the people of Likoma Island the achievement of 
sustainable livelihoods. 
2. Review of feed-in tariffs (FIT) for Malawi: Firstly, the Malawi FIT policy stipulates 
that eligibility for the FIT is for systems which are equal to or more than 500kW. 
Secondly, there is no specific FIT for hybrid systems; and lastly the FIT for firm 
power for solar PV is set at US$0.20 per kWh while that for wind is set at US$0.13 
per kWh. The findings of this study have identified the following issues relating to the 
FIT policy: 
i. The optimal configuration for supplying Likoma Island has 150 kW wind 
capacity and 1250kW of PV capacity. This would present challenges for the wind 
component to benefit from the FIT if the system is to be implemented by an 
independent power producer other than the utility provider and grid owner 
(ESCOM).  
ii. The findings of this study show that the LCOE for PV is higher than US$0.20 per 
kWh and; the LCOE for wind is higher than US$0.13 per kWh. Thus, the feed-in 
tariff requires upward adjustment based on the LCOE of the technologies; 
considering the cost saved by the use of the PV and wind based energy systems 
compared to the existing diesel generators.  
iii. The findings of this study show that autonomous systems also have LCOE 
significantly lower than the LCOE for the diesel generators. Thus, institutions 
that would use autonomous systems on Likoma Island would be contributing to 
financial savings for the utility provider by not demanding the relatively 
expensive diesel-fired electricity. Therefore, autonomous systems on Likoma 
Island could also be eligible for FIT unlike the current situation which allows 
only systems equal to or larger than 500 kW.  
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3. Delivering sustainable energy and eradicating solid fuels: The approach to use energy 
kiosks to store excess power from variable energy sources could be extended to urban 
areas on the mainland where over 50 per cent [13,91] of households also lack access 
to electricity. This sets in novel thinking for policy decision making whereby urban 
energy kiosks can be deployed and be charged from the hydroelectricity at night when 
demand is low; for charging household lanterns and providing other energy services 
during the day. 
8.5 Research Recommendations and Further Work 
The following further studies can be conducted from this research. 
 Identification of an appropriate grid-based photovoltaic and wind based energy 
system for Likoma Island by using MCA decision tools such as SUREDSS, 
PROMETHEE or the Analytical Hierarchy Process.   
 Detailed assessment of non-grid energy demand for sizing a grid connected energy 
kiosk for productive use of excess power from grid based photovoltaic and wind 
systems: The non-grid energy needs for Likoma Island include fish-grilling; ice 
blocks for fish preservation; fishing lanterns; and communal functions e.g. weddings 
and funerals;   
 Study into the willingness-to-pay for communal energy services on Likoma Island 
and the flexibility of the people to abandon firewood use for communal catering 
services. 
 Collection of field data for validation of the synthetic wind speed and solar irradiance 
data used by this thesis; 
 Simulation of technical performance of the systems identified in this thesis using 
other tools such as TRNSYS, HYBRID2 and EnergyPLAN; and 
 Modelling of operation and optimisation of the energy systems with a different type 
of storage such as pumped hydro.  
When any of the identified systems is installed; further research could include: 
 System performance monitoring for empirical validation; and 
  Post-evaluation of the livelihood impacts by the new energy system.  
Beyond the PhD research, detailed stakeholder consultations have been planned in order to 
enhance uptake of the research results and to inform policy decision making.  
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8.6 Final Conclusions 
The research has shown that both autonomous and grid-connected photovoltaic and wind 
based energy systems are cost effective relative to the existing diesel-fired electricity on 
Likoma Island. The key finding is that the lifecycle costs and the cost of energy for 
photovoltaic and wind based energy systems supplying power for 24 hours per day; are 
significantly lower than the lifecycle costs and cost of energy for 14-hours electricity supply 
per day by diesel generators, as is the current situation on Likoma Island. Thus, the 
integration of photovoltaic and wind power presents an opportunity to provide Likoma Island 
with 24-hours electricity services. The  research has also presented a deployment model that 
can maximise the impacts of integrating photovoltaic and wind power on reducing 
vulnerability context; saving financial, physical and natural assets; and developing human 
capital; thereby enhancing sustainable livelihoods on Likoma Island.  
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Appendix  
A1.1 Journal Paper: Overview of the Malawi Energy Situation and a 
PESTLE Analysis for Sustainable Development of Renewable Energy 
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A3.1 Bartlett’s Table for determining sample size for educational research 
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A3.2 Random Numbers for Selecting a Random Sample 
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A3.3 Training Information Given to Research Assistants 
Examples of good and bad practice of asking questions which were given in the training were as follows: 
Example 1:  
Bad Practice: 
Interviewer: ―What do you use electricity for?‖ 
Interviewee: ―lighting, TV, radio…‖ 
Interviewer interrupts: ―Do you not use electricity for cooking?‖ 
Interviewee: ―Yes, I indeed also use electricity for cooking.‖ 
In example 1 above, the interviewer led the interviewee to a possible response and it would be difficult to 
establish the truth in the ―yes‖ response unless one would be able to observe the non-verbal signals of the 
interviewee. The interviewer was supposed to just tick the responses mentioned by the interviewee without 
interrupting unless there was a hot plate, electric cooker and/or microwave cooker in the vicinity (and the 
interviewee was not mentioning anything relating to it) so the interviewer would ask the interviewee; 
―What do you use the [hot plate] for? 
Example 2: 
Bad Practice: 
Interviewer: ―Are you married?‖ 
Interviewee: ―How about you, are you married?‖ 
Interviewer: ―No, I am not married?‖ 
Interviewee: ―I am not married too.‖ 
In example 2, the interviewee might have indicated ―not married‖ in order to match his/her marital status 
with the interviewer thinking that they would lose opportunities if they indicated a different marital status 
to that of the interviewer. The good practice would be as follows:  
Good Practice: 
Interviewer: ―Are you married?‖ 
Interviewee: ―How about you, are you married‖ 
Interviewer: ―I only asked about your marital status, there is nothing more to it?‖ 
207 
   
The interviewer could also explain why such a question is being asked, for example… “This question will 
assist readers of the report to understand how the issues being researched would impact on both married 
and unmarried people”.  
OR  
The interviewer could ask the same question in a different way, for example,  
“Where has your husband gone or where has your wife gone” depending on whether it is a male or female 
interviewee; the tone should be low mindful that some interviewees could be widows/widowers and if it 
were discovered so from their response, appropriate customary words should be used to calm them down. 
For example, in Malawi it would be said, ―May their soul rest in peace”, [a moment of silence], “it was not 
meant to remind you of the trying moment.” 
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A3.4 Loughborough University Ethical Approval Checklist 
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Name, Status and Email Address of Other Investigators (other University Staff and 
Students): 
 
Department:  
 
A1. Do investigators have previous experience of, and/or adequate training in, the methods 
employed? 
Yes  No†   †If No, Please provide details below 
 
A2. Will junior researchers/students be under the direct supervision of an experienced member of 
staff? 
Yes  No†  †If No, Please provide details below 
 
A3. Will junior researchers/students be expected to undertake physically invasive procedures (not 
covered by a generic protocol) during the course of the research? 
Yes†  No  †If Yes, Please provide details below 
 
A4. Are researchers in a position of direct authority with regard to participants (eg academic staff 
using student participants, sports coaches using his/her athletes in training)? 
Yes†  No  †If Yes, Please provide details below 
 
If you have selected one of the answers above marked with an † please provide additional 
information on how you intend to manage the issues (please continue onto a separate 
sheet if required), then submit this checklist to the Secretary to the EAC: 
      
Section B: Participants 
 
Vulnerable Groups 
Will participants be knowingly recruited from one or more of the following vulnerable groups? 
 
B1. Children under 18 years of age     Yes#  No  
(please refer to published guidelines) 
B2. People over 65 years of age      Yes#  No  
B3. Pregnant women       Yes#  No  
B4. People with mental illness      Yes#  No  
B5. Prisoners/Detained persons      Yes#  No  
B6. Other vulnerable group (please specify      )   Yes#  No  
  
If you have answered ‘No’ to questions B1-B6, please now go to Section C 
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#  If the procedure is covered by an existing generic protocol which refers specifically to 
the vulnerable group(s), please insert reference number here       
If the procedure is not covered by an existing generic protocol, please submit a full 
application to the Ethical Advisory Committee 
 
Chaperoning Participants  
If appropriate, e.g. studies which involve vulnerable participants, taking physical measures or 
intrusion of participants' privacy:  
 
B7. Will participants be chaperoned by more than one investigator at all times? 
Yes  No*  N/A†  †If N/A, please provide details below 
 
B8. Will at least one investigator of the same sex as the participant(s) be present throughout the 
investigation? 
Yes  No*  N/A†  †If N/A, please provide details below 
 
B9. Will participants be visited at home? 
Yes*  No  N/A†  †If N/A, please provide details below 
 
* Please submit a full application to the Ethical Advisory Committee. 
 
If you have selected one of the answers above marked with an † please provide additional 
information on how you intend to manage the issues (please continue onto a separate 
sheet if required), then submit this checklist to the Secretary to the EAC: 
      
Section C:  Methodology/Procedures  
 
To the best of your knowledge, please indicate whether the proposed study: 
 
C1. Involves taking bodily samples     Yes#  No   
 (please refer to published guidelines) 
C2. Involves using samples previously collected with consent  
for further research        Yes#  No   
C3. Involves procedures which are likely to cause physical, psychological, social or emotional 
distress to participants     Yes#  No   
C4. Is designed to be challenging physically or psychologically in any way (includes any study 
involving physical exercise)    Yes#  No  
 
# If the procedure is covered by an existing generic protocol, please insert reference 
number here       
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If the procedure is not covered by an existing generic protocol, please submit a full 
application to the Ethical Advisory Committee 
 
C5. Exposes participants to risks or distress greater than those encountered in their normal 
lifestyle       Yes*  No  
C6. Involves collection of body secretions by invasive methods Yes*  No  
C7. Prescribes intake of compounds additional to daily diet or other dietary 
manipulation/supplementation      Yes*  No  
C8. Involves testing new equipment    Yes*  No  
C9. Involves pharmaceutical drugs     Yes*  No  
 (please refer to published guidelines) 
C10. Involves use of radiation     Yes*  No  
(please refer to published guidelines).  Investigators should contact the University’s Radiological 
Protection Officer before commencing any research which exposes participants to ionising 
radiation – e.g. x-rays). 
C11. Involves use of hazardous materials    Yes*  No  
 (please refer to published guidelines) 
C12. Assists/alters the process of conception in any way  Yes*  No  
C13. Involves methods of contraception     Yes*  No  
C14. Involves genetic engineering     Yes*  No  
* If you have answered ‘Yes’ to any of the above please submit a full application to the 
Ethical Advisory Committee 
 
C15. Involves testing new equipment    Yes†  No  
† If you have answered ‘Yes’ to C15 please provide more information below (please 
continue onto a separate sheet if required), then submit this checklist to the Secretary to 
the EAC.  Please attach a description of the new equipment and a risk assessment. 
 
Section D: Observation/Recording  
D1. Does the study involve observation and/or recording of participants?  
Yes  No  If No, please go to Section E 
If Yes, 
D2. Will those being observed and/or recorded be informed that the observation and/or recording 
will take place?      Yes  No*  
 
* Please submit a full application to the Ethical Advisory Committee 
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Section E: Consent and Deception  
 
E1. Will participants give informed consent freely?  
Yes  If yes please complete the Informed Consent section below.  
No*  *If no, please submit a full application to the Ethical Advisory Committee.  
Note: where it is impractical to gain individual consent from every participant, it is acceptable to 
allow individual participants to "opt out" rather than "opt in". 
Informed Consent 
E2. Will participants be fully informed of the objectives of the investigation and all details 
disclosed (preferably at the start of the study but where this would interfere with the study, at the 
end)?     Yes  No*  
 
E3. Will participants be fully informed of the use of the data collected (including, where applicable, 
any intellectual property arising from the research)? 
         Yes  No*  
 
E4. For children under the age of 18 or participants who have impairment of understanding or 
communication: 
- will consent be obtained (either in writing or by some other means)? 
Yes  No*  N/A  
- will consent be obtained from parents or other suitable person? 
       Yes  No*  N/A  
- will they be informed that they have the right to withdraw regardless of parental/ guardian 
consent?     Yes  No*   N/A  
 
E5. For investigations conducted in schools, will approval be gained in advance from the Head-
teacher and/or the Director of Education of the appropriate Local Education Authority  
   Yes  No*   N/A  
 
E6. For detained persons, members of the armed forces, employees, students and other persons 
judged to be under duress, will care be taken over gaining freely informed consent?  
   Yes  No*   N/A  
 
* Please submit a full application to the Ethical Advisory Committee 
 
Deception 
E7. Does the study involve deception of participants (ie withholding of information or the 
misleading of participants) which could potentially harm or exploit participants?  
     Yes  No  If No, please go to Section F 
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If yes,  
E8. Is deception an unavoidable part of the study?   Yes  No*  
E9. Will participants be de-briefed and the true object of the research revealed at the earliest 
stage upon completion of the study?   Yes  No*  
E10. Has consideration been given on the way that participants will react to the withholding of 
information or deliberate deception?   Yes  No*  
 
* Please submit a full application to the Ethical Advisory Committee 
 
Section F: Withdrawal  
 
(a) F1. Will participants be informed of their right to withdraw from the investigation at any time and 
to require their own data to be destroyed? Yes  No*  
 
* Please submit a full application to the Ethical Advisory Committee 
Section G: Storage of Data and Confidentiality 
 
Please see University guidance on Data Collection and Storage 
 
G1. Will all information on participants be treated as confidential and not identifiable unless 
agreed otherwise in advance, and subject to the requirements of law? 
         Yes  No*  
G2. Will storage of data comply with the Data Protection Act 1998?  
 (Please refer to published guidelines)    Yes  No*  
G3. Will any video/audio recording of participants be kept in a secure place and not released for 
use by third parties?      Yes  No*  
G4. Will video/audio recordings be destroyed within ten years of the completion of the 
investigation?       Yes  No*  
G5. Will full details regarding the storage and disposal of any human tissue samples be 
communicated to the participants?    Yes  No*  
 
* Please submit a full application to the Ethical Advisory Committee 
Section H: Incentives  
 
H1. Have incentives (other than those contractually agreed, salaries or basic expenses) been 
offered to the investigator to conduct the investigation? 
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   Yes†  No   †If Yes, Please provide details below 
H2. Will incentives (other than basic expenses) be offered to potential participants as an 
inducement to participate in the investigation?  
   Yes†  No   †If Yes, Please provide details below 
 
If you have selected one of the answers above marked with an † please provide additional 
information on how you intend to manage the issues (please continue onto a separate 
sheet if required), then submit this checklist to the Secretary to the EAC: 
      
 
Section I: Work Outside of the United Kingdom  
 
G1. Is your research being conducted outside of the United Kingdom? 
   Yes  No    
If Yes, you may need additional insurance cover/clearance for your research.  
 
If, having completed this checklist, you will be making a full application to the EAC this issue will 
be checked for you as a part of the process.  If however you do not need to complete a full 
application please contact Hiten Patel (H.Patel@lboro.ac.uk). 
 
Section I: Declarations 
 
Checklist Application only: 
If you have completed the checklist to the best of your knowledge without selecting an answer 
marked with an * or †, your investigation is deemed to conform with the ethical checkpoints 
and you do not need to seek formal approval from the University's Ethical Advisory Committee.  
Please sign the declaration below, and lodge the completed checklist with your Head of 
Department or his/her nominee. 
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A3.5 Project Information Sheet and Informed Consent Form 
Project Information sheet  
TO:   Participant [Name and/or designation of contact person for an Institution] 
SUBJECT:  Participant Information Sheet 
Project Title: Development of Renewable Energy System for Likoma Island 
Contact: Collen Zalengera, PhD Researcher at Loughborough University and Lecturer in Renewable Energy Systems at Mzuzu 
University, School of Electronic, Electrical and Systems Engineering, Centre for Renewable Energy Systems Technology 
(CREST), LE11 3TU, Leicestershire, United Kingdom 
Email: C.Zalengera@lboro.ac.uk   Tel: +265996422756 / +441509635339 
Supervisors:  Dr Richard Blanchard R.E.Blanchard@lboro.ac.uk  
  Prof. Dr Philip Eames P.C.Eames@lboro.ac.uk  
Purpose of the Study 
Likoma Island is powered by diesel generators; due to high operation and maintenance costs the generators are OFF for most 
part of the 24 hours period. The daily power cuts affect the quality of public and social services such as education, health and 
tourism leading to low socioeconomic growth on the Island. The goal of the research is to design a renewable energy system to 
complement/replace the diesel generators that can be implemented in partnership with local institutions in Malawi, in order to 
ensure reliable power supply which can enhance sustainable socioeconomic growth on the Island.    
Who is doing this research and why? 
This is a PhD research for Collen Zalengera, a Lecturer in Renewable Energy Systems at Mzuzu University; the research is 
hosted by Loughborough University in the United Kingdom. The study is an action research aimed at producing an application 
system that can be implemented in real life and also aid in local energy policy reviews in Malawi. The research is supported by 
the Commonwealth Scholarship Commission in the United Kingdom which supports researchers who show commitment to 
contribute to development of their home country. 
How will I participate in the research? 
As a key stakeholder in the research process, you may be asked to provide data relevant to the development of the energy system 
at Likoma Island. The data to be requested may include but not limited to energy needs and demand, operation and maintenance 
costs of the power source you use/supply at/to the Island, financing mechanisms of the current power sources, energy resources 
(wind data, solar radiation data, biomass, and water). You may be asked to provide the data through an online questionnaire, 
and/or physical interviews. Where the method is physical interviews; it may take up to 2 hours either at one goal or split in two 
sessions.  
Once I take part, can I change my mind? 
Yes!  After you have read this information and asked any questions you may have you will be asked to complete an Informed 
Consent Form, however if at any time, before, during or after the sessions you wish to withdraw from the study please contact 
the main investigator.  You can withdraw at any time, for any reason and you will not be asked to explain your reasons for 
withdrawing. 
Is there anything I need to do before the sessions? 
There is nothing special you need to do before any arranged meetings; however, you may discuss responses to any questions sent 
to you with your family members and/or workmates.    
217 
   
Is there anything I need to bring with me? 
At the meetings you may bring any prescribed medication you take including food items you may need.  
Who should I send the questionnaire back to? 
Any completed online questionnaire should be sent to C.Zalengera@lboro.ac.uk unless advised otherwise on the questionnaire. 
Will my taking part in this study be kept confidential? 
All information collected will be kept anonymous and only be made identifiable, if need arises, on your consent.   
What will happen to the results of the study? 
The results of the study may be presented / published in local and international conferences /journals/forums for the purpose 
advancing knowledge and promoting the project for implementation.    
What do I get for participating? 
The project is academic and not-for-profit making thus has no funds to pay for the time spent in meetings or completion of 
questionnaires unless considered otherwise; however your participation is highly valued. 
I have some more questions who should I contact? 
For any other questions, please contact Collen Zalengera by emailing to C.Zalengera@lboro.ac.uk or telephoning 
+265996422756 / +441509635339.  
What if I am not happy with how the research was conducted? 
Loughborough University has a policy relating to Research Misconduct and Whistle Blowing which is available online at 
http://www.lboro.ac.uk/admin/committees/ethical/Whistleblowing(2).htm. Please raise any concerns with the investigator or 
relevant local authorities and/or Loughborough University. 
 
Signed: Collen Zalengera   Date: 30 April 2012 
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Informed Consent Forms 
1. English version 
PARTICIPANT INFORMED CONSENT FORM  
(To be completed after Participant Information Sheet has been read) 
Study Title: Understanding the Energy Needs and Energy Demand of Likoma Island  
 
The purpose and details of this study have been explained to me.  I understand that this study is designed to 
further scientific knowledge and that all procedures have been approved by the Loughborough University 
Ethical Advisory Committee. 
 
I have read and understood the information sheet and this consent form. 
 
I have had an opportunity to ask questions about my participation. 
 
I understand that I am under no obligation to take part in the study. 
 
I understand that I have the right to withdraw from this study at any stage for any reason, and that I will not 
be required to explain my reasons for withdrawing. 
 
I understand that all the information I provide will be treated in strict confidence and will be kept 
anonymous and confidential to the researchers unless (under the statutory obligations of the agencies which 
the researchers are working with), it is judged that confidentiality will have to be breached for the safety of 
the participant or others.  
 
I agree to participate in this study. 
 
 
 Participant name/organisation and/or designation: _______________________________ 
 
Participant signature: ______________________________________________________ 
 
Signature of investigator: ___________________________________________________ 
 
Date: ___________________________________________________________________ 
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A4.1 Terrain Details for Likoma Island 
 
Terrain surrounding the wind measuring instrumentation on Likoma Island  
(Google earth image) 
Lake  
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 Terrain of Likoma Island  
(Google earth image) 
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A4.2 Guidelines for Determining Surface Roughness for Different Terrains 
 
A4.3 Prediction of Performance of 300 kW Wind Turbines on Likoma 
Island 
Map of Likoma Island Showing Micro-siting of 300 kW wind turbines 
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Modelled Capacity Factors for 300 kW wind turbines on Likoma Island (for a a period between 15 Feb 2010 to 
30 November 2010 – 6906 hours) 
Site Location [m] Hub height (m) 
 
Energy 
Production 
[MWh] 
Expected 
production 
(MWh) 
Capacity 
factor (%) 
Turbine site 1 (685991.6,8663825.0) 40 425 2071 20 
Turbine site 2 (686868.1,8664253.0) 40 465 2071 22 
Turbine site 3 (686932.2,8665471.0) 40 503 2071 24 
Turbine site 4 (689326.6,8667866.0) 40 503 2071 24 
Turbine site 5 (688043.9,8668464.0) 40 511 2071 25 
Turbine site 6 (688022.6,8662286.0) 40 410 2071 20 
Turbine site 7 (689326.6,8663056.0) 40 414 2071 20 
Turbine site 8 (687445.3,8663611.0) 40 424 2071 20 
Turbine site 9 (687530.9,8666626.0) 40 453 2071 22 
Turbine site 10 (689882.4,8668913.0) 40 411 2071 20 
Turbine site 11 (687958.4,8669597.0) 40 473 2071 23 
Turbine site 12 (686889.5,8664809.0) 40 456 2071 22 
Turbine site 13 (690887.1,8668315.0) 40 363 2071 18 
Turbine site 14 (689668.6,8664253.0) 40 500 2071 24 
Turbine site 15 (687530.9,8665429.0) 40 454 2071 22 
Turbine site 16 (686889.5,8663419.0) 40 414 2071 20 
Turbine site 17 (687167.4,8662564.0) 40 386 2071 19 
Average capacity factor = 21 per cent 
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A4.4 Multi-criteria Evaluation for Electrical Energy Storage Systems for 
use on Likoma Island  
 
 
 
 
Criteria 
Relative score  
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Technology maturity 5 2.5 5 5 2 1 3 4 3.5 
Cycle efficiency 3 2 3 3 4 3 5 3 3 
Power regulation & 
power quality 
applications 
1 1 2 2 5 5 4 3 3 
Load levelling 5 5 5 5 5 5 5 5 5 
Load following 0 0 5 5 5 5 5 5 5 
Seasonal storage 5 5 4 4 2 2 3 5 5 
Lifetime  5 5 1 1 3 3 3 4 4 
Deployment lead time 1 1 5 5 2 2 3 3 3 
Capital costs 5 5 4 4 2 2 1 1 1 
Operation and 
maintenance costs 
5 5 1 5 3 3 3 2 2 
Availability of local 
skills 
5 5 5 5 3 3 3 3 3 
Space requirement  4 5 3 3 4 4 3 1 3 
Ease of transfer of 
skills to local operators 
5 3 5 5 4 4 3 3 3 
Total of scores 49 44.5 48 52 43 42 44 42 43.5 
 
 
 
 
 
 
 
224 
   
A4.5 Calculations of Total Household Electricity Demand for Likoma 
Island 
Histogram for Number of rooms in households of sampled respondents  
 
Modelled electricity demand profile for households on Likoma Island (Based on access rate 
of 681 out of 1500 households) 
Hour of the day Lighting (kW) Cooking (kW) 
Refrigeration 
(kW) 
TV/radio (kW) 
Total power 
(kW) 
00:00 – 01:00 20.43 0 64.125 0 84.555 
01:00 – 02:00 20.43 0 64.125 0 84.555 
02:00 – 03:00 20.43 0 64.125 0 84.555 
03:00 – 04:00 20.43 0 64.125 0 84.555 
04:00 – 05:00 20.43 0 64.125 0 84.555 
05:00 – 06:00 30.645 103.5 64.125 0 198.270 
06:00 – 07:00 0 0 64.125 58.8 122.925 
07:00 – 08:00 0 0 64.125 17.64 81.765 
08:00 – 09:00 0 0 64.125 17.64 81.765 
09:00 – 10:00 0 0 64.125 17.64 81.765 
10:00 – 11:00 0 103.5 64.125 17.64 185.265 
11:00 – 12:00 0 103.5 64.125 17.64 185.265 
12:00 – 13:00 0 0 64.125 58.8 122.925 
13:00 – 14:00 0 0 64.125 58.8 122.925 
14:00 – 15:00  0 0 64.125 58.8 122.925 
15:00 – 16:00  0 0 64.125 17.64 81.765 
16:00 – 17:00 0 0 64.125 17.64 81.765 
17:00 – 18:00 0 0 64.125 17.64 81.765 
18:00 – 19:00 91.935 103.5 64.125 58.8 318.360 
19:00 – 20:00  91.935 103.5 64.125 58.8 318.360 
20:00 – 21:00 81.72 0 64.125 58.8 204.645 
21:00 – 22:00 81.72 0 64.125 58.8 204.645 
22:00 – 23:00 20.43 0 64.125 0 84.555 
23:00 – 00:00 20.43 0 64.125 0 84.555 
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A4.6 Calculations of Electricity Demand for Likoma Secondary School   
Electricity needs for Likoma Secondary School 
Energy need Serviced item Unit of 
measure 
Quantity Assumed 
power rating 
of appliance 
in W 
Operating 
times 
Lighting  Hostels Number 128 15 18:00 - 6:00 
Offices Number 5 15 n/a 
4 Laboratories Number 12 15 n/a 
1 Computer Laboratory Number 4 15 n/a 
Library Number 6 15 18:00 - 20:00 
Staff Room Number 4 15 n/a 
Recreation room Number 4 15 18:00 - 20:00 
Security/outdoor Number 20 105 18:00 - 06:00 
Store rooms Number 5 15 n/a 
8 Classrooms Number 32 15 18:00 - 6:00 
Kitchen and dining hall Number 20 15 18:00- 20:00 
Cooking pot Kitchen Number 1 15000 04:00 - 05:00; 
 08:00 - 11:00;  
14:00 - 16:00 
TV Recreation room Number 1 70 15:00 - 17:00; 
19:00 - 20:00 
Satellite 
decoder
 
Recreation room Number 1 30 15:00 - 17:00; 
19:00 - 20:00 
Computers Offices Number 4 300 08:00 - 12:00;  
13:00 - 17:00; 
18:00 - 20:0046F
47
 
Computer laboratory Number 20 300 13:00 - 14:00 
Refrigeration Home economics  and 
cookery lab 
Number 1 225 00:00 - 00:00 
Kitchen cold room
 
Number 1 1400 00:00 - 00:00 
Recreation room Number 1 225 00:00 - 00:00 
  
Space cooling 
fan 
Staff room Number 2 45 08:00 - 12:00;  
13:00 - 17:00;  
19:00 - 20:00 
Recreation room Number 2 45 15:00 -17:00 
Offices Number 5 45 08:00 - 12:00;  
13:00 - 17:00 
Computer laboratory Number 2 45 13:00 – 14:00 
Library Number 2 45 15:00 - 17:00;  
18:00 - 20:00 
 
 
 
 
 
                                                 
47
 For Library  
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Expected electricity demand profile for Likoma secondary School by energy need  
Hour of the day 
Lighting 
(kW) 
Cooking 
(kW) 
Refrigeration 
(kW) 
Space 
Cooling 
(kW) 
Computer, TV 
and satellite 
decoder(kW) 
Estimated 
total for the 
hour (kW) 
00:00 – 01:00 4.5 0 1.85 0 0 6.35 
01:00 – 02:00 4.5 0 1.85 0 0 6.35 
02:00 – 03:00 4.5 0 1.85 0 0 6.35 
03:00 – 04:00 4.5 0 1.85 0 0 6.35 
04:00 – 05:00 4.5 15 1.85 0 0 21.35 
05:00 – 06:00 4.5 0 1.85 0 0 6.35 
06:00 – 07:00 0 0 1.85 0 0 1.850 
07:00 – 08:00 0 0 1.85 0 0 1.850 
08:00 – 09:00 0 15 1.85 0.315 1.2 18.365 
09:00 – 10:00 0 15 1.85 0.315 1.2 18.365 
10:00 – 11:00 0 15 1.85 0.315 1.2 18.365 
11:00 – 12:00 0 0 1.85 0.315 1.2 3.365 
12:00 – 13:00 0 0 1.85 0 0 1.850 
13:00 – 14:00 0 0 1.85 0.405 7.2 9.455 
14:00 – 15:00  0 15 1.85 0.315 1.2 18.365 
15:00 – 16:00  0 15 1.85 0.495 1.3 18.365 
16:00 – 17:00 0 0 1.85 0.495 1.3 3.645 
17:00 – 18:00 0 0 1.85 0 0 1.85 
18:00 – 19:00 4.95 0 1.85 0.135 0.3 7.235 
19:00 – 20:00  4.95 0 1.85 0.225 0.4 7.425 
20:00 – 21:00 4.5 0 1.85 0 0 6.35 
21:00 – 22:00 4.5 0 1.85 0 0 6.35 
22:00 – 23:00 4.5 0 1.85 0 0 6.35 
23:00 – 00:00 4.5 0 1.85 0 0 6.35 
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A4.7 Calculations of Electricity Demand for Chipyela Secondary School 
Energy needs for Chipyela Secondary School 
Energy need Serviced item Unit of 
measure 
Quantity Assumed 
power rating 
of appliance 
(W ) 
Operating times 
Lighting 
4 Offices Number 4 15 n/a 
3 Science  Laboratories Number 12 15 n/a 
1 Computer laboratory Number 4 15 n/a 
Library Number 6 15 n/a 
Staff Room Number 4 15 n/a 
Recreation room Number 4 15 n/a 
Security/outdoor Number 10 105 18:00 - 06:00 
Store rooms Number  3 15 n/a 
8 Classrooms Number 32 15 n/a 
Entertainment hall Number 10 15 n/a 
TV Recreation room Number 1 70 16:00 - 17:00 
Satellite decoder Recreation room Number 1 30 16:00 - 17:00 
Computer 
Offices Number 3 300 
08:00 - 12:00;  
13:00 - 17:00 
Computer laboratory Number 20 300 13:00 - 14:00 
Photocopier Administration Number 1 1200 n/a 
Refrigeration 
Home economics and 
cookery lab 
Number 1 225 00:00 - 00:00 
Recreation room Number 1 225 00:00 - 00:00 
 
Staff room Number 2 45 
08:00 - 12:00;  
13:00 - 17:00  
Space cooling 
Recreation room Number 2 45 15:00 - 17:00 
Offices Number 4 45 
08:00 - 12:00;  
13:00 - 17:00 
Computer laboratories Number 2 45 13:00 - 14:00 
Library Number 2 45 15:00 - 17:00 
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Expected electricity demand profile for Chipyela Secondary School by energy need 
Hour of the day Lighting 
(kW) 
Cooking 
(kW) 
Refrigeration 
(kW) 
Space Cooling 
(kW) 
TV, Decoder, 
Computers 
(kW) 
Estimated 
total for the 
hour (kW) 
00:00 – 01:00 1.05 0 0.45 0 0 1.5 
01:00 – 02:00 1.05 0 0.45 0 0 1.5 
02:00 – 03:00 1.05 0 0.45 0 0 1.5 
03:00 – 04:00 1.05 0 0.45 0 0 1.5 
04:00 – 05:00 1.05 0 0.45 0 0 1.5 
05:00 – 06:00 1.05 0 0.45 0 0 1.5 
06:00 – 07:00 0 0 0.45 0 0 0.45 
07:00 – 08:00 0 0 0.45 0 0 0.45 
08:00 – 09:00 0 0 0.45 0.27 0.9 1.62 
09:00 – 10:00 0 0 0.45 0.27 0.9 1.62 
10:00 – 11:00 0 0 0.45 0.27 0.9 1.62 
11:00 – 12:00 0 0 0.45 0.27 0.9 1.62 
12:00 – 13:00 0 0 0.45 0 0 0.45 
13:00 – 14:00 0 0 0.45 0.36 6.9 7.71 
14:00 – 15:00  0 0 0.45 0.27 0.9 1.62 
15:00 – 16:00  0 0 0.45 0.45 1 1.9 
16:00 – 17:00 0 0 0.45 0.45 1 1.9 
17:00 – 18:00 0 0 0.45 0 0 0.45 
18:00 – 19:00 1.05 0 0.45 0 0 1.5 
19:00 – 20:00  1.05 0 0.45 0 0 1.5 
20:00 – 21:00 1.05 0 0.45 0 0 1.5 
21:00 – 22:00 1.05 0 0.45 0 0 1.5 
22:00 – 23:00 1.05 0 0.45 0 0 1.5 
23:00 – 00:00 1.05 0 0.45 0 0 1.5 
 
 
 
 
 
 
 
 
 
 
229 
   
A4.8 Calculations of Electricity Demand for Likoma Island Hospital 
Electricity needs for St Peter‘s hospital on Likoma Island 
Energy need Location Unit of 
measure 
Quantity Power rating 
(W) 
Operating times 
Cooking Kitchen Number 1 9000 
04:00- 05:00; 
09:00- 11:00; 
15:00 - 17:00 
Lighting 
4 Wards Number 16 15 18:00 - 06:00 
10 administration 
and nurses 
offices Number 10 15 n/a 
4 Wards offices Number 4 15 18:00 - 06:00 
Reception Number 2 15 18:00 - 06:00 
Laboratory Number 2 15 n/a 
X-Ray Room Number 2 15 n/a 
Corridors Number 20 15 18:00 - 06:00 
Outdoor lights Number 6 105 18:00 - 06:00 
TV Reception Number 1 70 08:00 - 17:00 
Satellite Decoder Reception Number 1 30 08:00 - 17:00 
Refrigeration 
Drug/vaccine  
refrigerator Number 1 225 00:00 - 00:00 
Kitchen cold-
room Number 1 1400 00:00 - 00:00 
Mortuary Cold 
Room Number 1 1400 00:00 - 00:00 
Space cooling fan 
4 Wards Number 16 45 00:00 - 00:00 
4 Wards offices Number 4 45 00:00 - 00:00 
10 administration 
and nurses 
offices 
Number 10 45 
08:00- 12:00; 
13:00 - 17:00 
Reception Number 1 45 00:00 - 00:00 
Laboratory Number 1 45 00:00 - 00:00 
X-Ray Room Number 1 45 00:00 - 00:00 
Equipment 
Suction Machine Number 2 600 n/a 
Microscopes Number 2 20 
08:00- 12:00; 
13:00 - 17:00 
Anaesthetic 
machine 
Number 1 1440 n/a 
Laundry machine Number 1 5500 08:00 -12:00 
X-Ray machine Number 1 750 n/a 
Dental unit Number 1 1100 
08:00- 12:00; 
13:00 - 17:00 
Radio 
Communication 
Number 1 5 00:00 - 00:00 
 
 
 
 
 
230 
   
Modelled electricity demand profile for St Peter‘s Hospital by energy need 
Hour of the day Lighting 
(kW) 
Cooking 
(kW) 
Refrigeration 
(kW) 
Space 
Cooling 
(kW) 
equipment, radio 
communication TV 
and  decoder (kW) 
Laundry 
Machine 
(kW) 
Estimated 
Total (kW) 
00:00 – 01:00 1.26 0 3.025 1.035 0.005 0 5.325 
01:00 – 02:00 1.26 0 3.025 1.035 0.005 0 5.325 
02:00 – 03:00 1.26 0 3.025 1.035 0.005 0 5.325 
03:00 – 04:00 1.26 0 3.025 1.035 0.005 0 5.325 
04:00 – 05:00 1.26 9 3.025 1.035 0.005 0 14.325 
05:00 – 06:00 1.26 0 3.025 1.035 0.005 0 5.325 
06:00 – 07:00 0 0 3.025 1.035 0.005 0 4.065 
07:00 – 08:00 0 0 3.025 1.035 0.005 0 4.065 
08:00 – 09:00 0 0 3.025 1.485 1.245 5.5 11.255 
09:00 – 10:00 0 9 3.025 1.485 1.245 5.5 20.255 
10:00 – 11:00 0 9 3.025 1.485 1.245 5.5 20.255 
11:00 – 12:00 0 0 3.025 1.485 1.245 5.5 11.255 
12:00 – 13:00 0 0 3.025 1.035 0.105 0 4.165 
13:00 – 14:00 0 0 3.025 1.485 1.245 0 5.755 
14:00 – 15:00  0 0 3.025 1.485 1.245 0 5.755 
15:00 – 16:00  0 9 3.025 1.485 1.245 0 14.755 
16:00 – 17:00 0 9 3.025 1.485 1.245 0 14.755 
17:00 – 18:00 0 0 3.025 1.035 0.005 0 4.065 
18:00 – 19:00 1.26 0 3.025 1.035 0.005 0 5.325 
19:00 – 20:00  1.26 0 3.025 1.035 0.005 0 5.325 
20:00 – 21:00 1.26 0 3.025 1.035 0.005 0 5.325 
21:00 – 22:00 1.26 0 3.025 1.035 0.005 0 5.325 
22:00 – 23:00 1.26 0 3.025 1.035 0.005 0 5.325 
23:00 – 00:00 1.26 0 3.025 1.035 0.005 0 5.325 
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A4.9 Calculations of Electricity Demand for Likoma Island Water 
Treatment Plant 
Estimated energy demand for Likoma Island water treatment plant 
Energy need Appliance  Unit of 
measure 
Quantity  Power 
rating 
(W)  
Operating 
times 
Pumping Pump Number 1 24300 08:00 – 16:00 
Pumping Pump Number 1 6200 08:00 – 16:00 
Chemical dosing Pump Number 1 550 08:00 – 16:00 
Cleaning Pump Number 1 7500 07:00 – 08:00 
Administration 
 
Office Lighting Number 5 15 n/a 
Computers Number 2 300 
08:00– 12:00; 
13:00 – 17:00 
Printer (Manager) Number 2 300 n/a47F
48
 
Printer (Accounts)  Number 2 320 
Depends on 
payments 
Outdoor lights Number 4 105 18:00-06:00 
Refrigerator Number 1 225 00:00 -00:00 
Space cooling fans 
Number 4 45 
08:00– 12:00; 
13:00 – 17:00 
 Number 1 45 
00:00 – 
00:0048F
49
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
48
 It would be occasionally used hence its energy consumption was assumed insignificant  
49
  For guard house 
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Modelled electricity demand profile for Likoma Island water treatment plant by energy need 
Hour of the 
day 
Lighting 
(kW) 
Pumping 
(kW) 
Chemical 
Dosing 
(kW) 
Cleaning 
(kW) 
Space 
Cooling 
(kW) 
Computer 
and 
printers 
(kW) 
Refrigeration 
(kW) 
Estimated 
total for the 
hour (kW) 
00:00 – 01:00 0.42 0 0 0 0.045 0 0.225 0.69 
01:00 – 02:00 0.42 0 0 0 0.045 0 0.225 0.69 
02:00 – 03:00 0.42 0 0 0 0.045 0 0.225 0.69 
03:00 – 04:00 0.42 0 0 0 0.045 0 0.225 0.69 
04:00 – 05:00 0.42 0 0 0 0.045 0 0.225 0.69 
05:00 – 06:00 0.42 0 0 0 0.045 0 0.225 0.69 
06:00 – 07:00 0 0 0 0 0.045 0 0.225 0.27 
07:00 – 08:00 0 0 0 7.5 0.045 0 0.225 7.77 
08:00 – 09:00 0 30.5 0.55 0 0.225 0.6 0.225 32.1 
09:00 – 10:00 0 30.5 0.55 0 0.225 1.24 0.225 32.74 
10:00 – 11:00 0 30.5 0.55 0 0.225 0.6 0.225 32.1 
11:00 – 12:00 0 30.5 0.55 0 0.225 0.6 0.225 32.1 
12:00 – 13:00 0 30.5 0.55 0 0.045 0.6 0.225 31.92 
13:00 – 14:00 0 30.5 0.55 0 0.225 0.6 0.225 32.1 
14:00 – 15:00 0 30.5 0.55 0 0.225 0.6 0.225 32.1 
15:00 – 16:00 0 30.5 0.55 0 0.225 0.6 0.225 32.1 
16:00 – 17:00 0 0 0 0 0.225 0.6 0.225 1.05 
17:00 – 18:00 0 0 0 0 0.045 0 0.225 0.27 
18:00 – 19:00 0.42 0 0 0 0.045 0 0.225 0.69 
19:00 – 20:00 0.42 0 0 0 0.045 0 0.225 0.69 
20:00 – 21:00 0.42 0 0 0 0.045 0 0.225 0.69 
21:00 – 22:00 0.42 0 0 0 0.045 0 0.225 0.69 
22:00 – 23:00 0.42 0 0 0 0.045 0 0.225 0.69 
23:00 – 00:00 0.42 0 0 0 0.045 0 0.225 0.69 
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A4.10 Calculations of Aggregated Electricity Demand for Likoma Island 
Total electricity demand profile for Likoma Island  
Hour of the day Households 
(kW) 
Hospital 
(kW) 
Likoma 
Secondary 
School 
(kW) 
Chipyela 
Secondary 
School (kW) 
Maize 
milling 
(kW) 
Water 
Treatment 
(kW) 
Telecommunication 
BTS (kW) 
Best 
estimated 
electricity 
demand  with 
10 per cent 
for offices 
and market 
place  island 
(kW) 
00:00 – 01:00 84.555 5.325 6.35 1.50 0.21 0.69 6.94 116.127 
01:00 – 02:00 84.555 5.325 6.35 1.50 0.21 0.69 6.94 116.127 
02:00 – 03:00 84.555 5.325 6.35 1.50 0.21 0.69 6.94 116.127 
03:00 – 04:00 84.555 5.325 6.35 1.50 0.21 0.69 6.94 116.127 
04:00 – 05:00 84.555 14.325 21.35 1.50 0.21 0.69 6.94 142.527 
05:00 – 06:00 198.27 5.325 6.35 1.50 0.21 0.69 6.94 241.2135 
06:00 – 07:00 122.925 4.065 1.85 0.45 0 0.27 6.94 150.15 
07:00 – 08:00 81.765 4.065 1.85 0.45 67.5 7.77 6.94 187.374 
08:00 – 09:00 81.765 11.255 18.37 1.62 67.5 32.10 6.94 241.4995 
09:00 – 10:00 81.765 20.255 18.37 1.62 67.5 32.74 6.94 252.1035 
10:00 – 11:00 185.265 20.255 18.37 1.62 0 32.10 6.94 290.9995 
11:00 – 12:00 185.265 11.255 3.37 1.62 0 32.10 6.94 264.5995 
12:00 – 13:00 122.925 4.165 1.85 0.45 0 31.92 6.94 185.075 
13:00 – 14:00 122.925 5.755 9.46 7.71 67.5 32.10 6.94 277.6235 
14:00 – 15:00 122.925 5.755 18.37 1.62 67.5 32.10 6.94 280.7255 
15:00 – 16:00 81.765 14.755 18.65 1.90 67.5 32.10 6.94 245.9655 
16:00 – 17:00 81.765 14.755 3.65 1.90 67.5 1.05 6.94 195.3105 
17:00 – 18:00 81.765 4.065 1.85 0.45 0 0.27 6.94 104.874 
18:00 – 19:00 318.36 5.325 7.24 1.50 0.21 0.69 6.94 374.286 
19:00 – 20:00 318.36 5.325 7.43 1.50 0.21 0.69 6.94 374.495 
20:00 – 21:00 204.645 5.325 6.35 1.50 0.21 0.69 6.94 248.226 
21:00 – 22:00 204.645 5.325 6.35 1.50 0.21 0.69 6.94 248.226 
22:00 – 23:00 84.555 5.325 6.35 1.50 0.21 0.69 6.94 116.127 
23:00 – 00:00 84.555 5.325 6.35 1.50 0.21 0.69 6.94 116.127 
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A5.1 Table of Results of Sensitivity Analysis for Alternative Energy Systems Optimisation for Likoma Island (24-hours Electricity Supply) 
Sensitivity Sensitivity Variables Configuration of Optimal System Type  Merit Factors 
Number Daily Load Profile 
(kWh/day) 
Diesel 
(US$/L) 
PV Capital Cost 
Relative to  Best 
Estimate  
WTG Capital Cost 
Relative to Best 
Estimate 
Interest 
Rate (%) 
PV (kW) 10kWDC 
Wind 
Turbine 
Generator 
Diesel 
Generator 1 
(kW) 
Diesel 
Generator 2 
(kW) 
Diesel 
Generator 3 
(kW) 
2V x 
1150Ah  
Batteries  
(Number) 
Converter 
(kW) 
Dispatch 
strategy 
Initial 
capital 
(US$) 
Operating 
cost 
(US$/yr) 
Total NPC 
(US$) 
COE 
(US$/kWh) 
Renewable 
fraction 
Diesel 
Consumptio
n 
(L/yr) 
D-G1 
Operating 
Time 
(hrs/yr) 
D-G2 
Operating 
Time 
(hrs/yr) 
D-G3 
Operating 
Time 
(hrs/yr) 
Battery 
Life. (yrs) 
1 5002 1.92 1 1 10 1250 15 200 200 
 
1710 500 LF 4,018,383 361,770 7,302,180 0.4410 0.940 47,719 843 193 
 
5.4 
2 5002 1.92 1 1 15 1250 5 200 200 
 
1710 500 LF 3,441,933 423,012 6,176,344 0.5230 0.900 79,220 1,359 325 
 
4.9 
3 5002 1.92 1 1 3 1250 25 200 200 
 
1900 500 LF 4,747,973 319,872 10,317,953 0.3250 0.970 25,849 448 110 
 
6.3 
4 5002 1.92 1 1 1.3 1250 25 200 200 
 
2470 500 LF 5,207,393 295,558 11,481,356 0.2960 0.980 18,165 313 76 
 
8 
5 5002 1.92 1 0.5 10 1000 25 200 200 
 
1520 500 LF 3,427,500 361,111 6,705,317 0.4050 0.940 53,773 963 218 
 
5.4 
6 5002 1.92 1 0.5 15 1000 25 200 200 
 
1330 500 LF 3,274,360 369,233 5,661,134 0.4800 0.920 65,356 1,195 250 
 
4.9 
7 5002 1.92 1 0.5 3 1000 40 200 200 
 
1710 500 LF 4,012,977 315,020 9,498,472 0.2990 0.970 24,317 412 113 
 
6.3 
8 5002 1.92 1 0.5 1.3 1250 40 200 200 
 
2280 500 LF 4,766,028 276,902 10,643,968 0.2750 0.990 10,428 174 46 
 
8.2 
9 5002 1.92 2 1 10 1000 15 200 200 
 
1710 500 LF 4,909,277 400,175 8,541,679 0.5150 0.910 75,211 1,316 302 
 
5.7 
10 5002 1.92 2 1 15 1000 15 200 200 
 
1520 500 LF 4,756,137 406,426 7,383,336 0.6260 0.900 86,183 1,532 341 
 
5.3 
11 5002 1.92 2 1 3 1000 25 200 200 
 
2470 500 LF 6,098,287 317,494 11,626,859 0.3660 0.960 31,532 543 133 
 
8.1 
12 5002 1.92 2 1 1.3 1000 25 200 200 
 
2850 500 LF 6,404,567 302,839 12,833,091 0.3310 0.970 27,185 461 115 
 
9.2 
13 5002 1.92 2 0.5 10 750 40 200 200 
 
1330 500 LF 4,303,960 370,688 7,668,709 0.4630 0.930 59,430 1,085 227 
 
5.3 
14 5002 1.92 2 0.5 15 750 40 200 200 
 
1140 500 LF 4,150,820 381,241 6,615,216 0.5610 0.920 71,164 1,351 251 
 
4.8 
15 5002 1.92 2 0.5 3 1000 40 200 200 
 
1710 500 LF 5,197,502 315,020 10,682,997 0.3360 0.970 24,317 412 113 
 
6.3 
16 5002 1.92 2 0.5 1.3 1000 40 200 200 
 
2280 500 LF 5,656,922 291,154 11,837,398 0.3050 0.980 17,252 281 83 
 
8.2 
17 5002 2.3 1 1 10 1250 15 200 200 
 
1710 500 LF 4,018,383 379,903 7,466,776 0.4510 0.940 47,719 843 193 
 
5.4 
18 5002 2.3 1 1 15 1250 10 200 200 
 
1710 500 LF 3,730,158 404,188 6,342,891 0.5370 0.930 61,697 1,082 244 
 
5.1 
19 5002 2.3 1 1 3 1250 25 200 200 
 
2470 500 LF 5,207,393 302,276 10,470,977 0.3290 0.980 18,165 313 76 
 
8 
20 5002 2.3 1 1 1.3 1500 25 200 200 200 2850 500 LF 5,807,305 272,615 11,594,236 0.2990 0.990 7,986 140 33 4 9.1 
21 5002 2.3 1 0.5 10 1000 40 200 200 
 
1520 500 LF 3,859,837 326,655 6,824,896 0.4120 0.970 28,381 491 127 
 
5.7 
22 5002 2.3 1 0.5 15 1000 25 200 200 
 
1520 500 LF 3,427,500 367,978 5,806,162 0.4920 0.940 53,773 963 218 
 
5.4 
23 5002 2.3 1 0.5 3 1250 40 200 200 
 
1710 500 LF 4,306,608 304,872 9,615,392 0.3020 0.980 15,894 270 72 
 
6.3 
24 5002 2.3 1 0.5 1.3 1250 40 200 200 
 
2280 500 LF 4,766,028 280,864 10,728,086 0.2770 0.990 10,428 174 46 
 
8.2 
25 5002 2.3 2 1 10 1000 25 200 200 
 
1710 500 LF 5,485,727 363,082 8,781,433 0.5300 0.940 46,442 825 189 
 
5.9 
26 5002 2.3 2 1 15 1000 15 200 200 
 
1710 500 LF 4,909,277 413,655 7,583,203 0.6430 0.910 75,211 1,316 302 
 
5.7 
27 5002 2.3 2 1 3 1000 25 200 200 
 
2470 500 LF 6,098,287 329,476 11,835,506 0.3720 0.960 31,532 543 133 
 
8.1 
28 5002 2.3 2 1 1.3 1000 25 200 200 
 
3040 500 LF 6,557,707 305,762 13,048,284 0.3370 0.970 25,619 428 112 
 
9.8 
29 5002 2.3 2 0.5 10 750 40 200 200 
 
1520 500 LF 4,457,100 374,247 7,854,157 0.4740 0.940 51,681 920 206 
 
5.9 
30 5002 2.3 2 0.5 15 750 40 200 200 
 
1330 500 LF 4,303,960 381,288 6,768,661 0.5740 0.930 59,430 1,085 227 
 
5.3 
31 5002 2.3 2 0.5 3 1000 40 200 200 
 
2280 500 LF 5,656,922 297,387 10,835,373 0.3410 0.980 17,252 281 83 
 
8.2 
32 5002 2.3 2 0.5 1.3 1000 40 200 200 
 
2280 500 LF 5,656,922 297,709 11,976,557 0.3090 0.980 17,252 281 83 
 
8.2 
33 6503 1.92 1 1 10 1500 15 200 200 200 2280 750 LF 4,836,602 493,480 9,315,943 0.4320 0.920 79,855 1,139 380 65 5.4 
34 6503 1.92 1 1 15 1500 10 200 200 200 2090 750 LF 4,395,237 536,545 7,863,544 0.5120 0.900 109,726 1,599 510 78 5 
35 6503 1.92 1 1 3 1750 25 200 200 200 2470 750 LF 5,859,823 420,929 13,189,521 0.3190 0.970 35,932 514 161 33 6 
36 6503 1.92 1 1 1.3 1750 25 200 200 
 
3610 750 LF 6,778,663 371,008 14,654,245 0.2910 0.980 19,970 286 91 
 
8.4 
37 6503 1.92 1 0.5 10 1250 40 200 200 200 1900 750 LF 4,524,916 438,882 8,508,663 0.3950 0.940 58,403 875 269 43 5.4 
38 6503 1.92 1 0.5 15 1250 40 200 200 200 1710 750 LF 4,371,776 440,609 7,219,936 0.4710 0.940 68,166 1,035 319 44 5 
39 6503 1.92 1 0.5 3 1500 40 200 200 200 2280 750 LF 5,124,827 402,319 12,130,472 0.2930 0.970 31,887 446 152 30 6.1 
40 6503 1.92 1 0.5 1.3 1500 40 200 200 
 
3230 750 LF 5,890,527 362,055 13,576,049 0.2700 0.980 19,741 277 100 
 
8.4 
41 6503 1.92 2 1 10 1250 25 200 200 200 2090 750 LF 6,444,437 490,017 10,892,340 0.5060 0.920 88,503 1,301 404 64 5.6 
42 6503 1.92 2 1 15 1000 25 200 200 200 1520 500 LF 5,332,587 620,668 9,344,676 0.6090 0.830 188,655 3,118 807 92 5.4 
43 6503 1.92 2 1 3 1250 40 200 200 200 2280 750 LF 7,462,252 426,009 14,880,413 0.3600 0.960 46,305 668 215 40 6.2 
44 6503 1.92 2 1 1.3 1250 40 200 200 200 3230 750 LF 8,227,952 384,143 16,382,352 0.3250 0.970 32,242 445 155 30 8.4 
45 6503 1.92 2 0.5 10 1000 40 200 200 200 1900 750 LF 5,415,810 489,351 9,857,666 0.4580 0.910 93,007 1,368 458 63 5.7 
46 6503 1.92 2 0.5 15 1000 40 200 200 200 1520 750 LF 5,109,530 512,674 8,423,530 0.5490 0.890 114,160 1,768 525 67 4.9 
47 6503 1.92 2 0.5 3 1000 65 200 200 200 2280 750 LF 6,442,652 415,951 13,685,667 0.3310 0.970 35,570 497 185 30 6.6 
48 6503 1.92 2 0.5 1.3 1250 40 200 200 200 3230 750 LF 7,075,052 384,143 15,229,452 0.3020 0.970 32,242 445 155 30 8.4 
49 6503 2.3 1 1 10 1750 15 200 200 200 2280 750 LF 5,130,233 487,028 9,551,006 0.4430 0.940 58,983 848 273 51 5.2 
50 6503 2.3 1 1 15 1500 15 200 200 200 2280 750 LF 4,836,602 503,471 8,091,112 0.5270 0.920 79,855 1,139 380 65 5.4 
51 6503 2.3 1 1 3 1750 25 200 200 
 
3610 750 LF 6,778,663 377,880 13,358,749 0.3230 0.980 19,970 286 91 
 
8.4 
52 6503 2.3 1 1 1.3 1750 25 200 200 
 
3610 750 LF 6,778,663 378,597 14,815,330 0.2940 0.980 19,970 286 91 
 
8.4 
53 6503 2.3 1 0.5 10 1500 40 200 200 200 1900 750 LF 4,818,547 427,219 8,696,434 0.4040 0.960 41,172 601 192 35 5.2 
54 6503 2.3 1 0.5 15 1250 40 200 200 200 1710 750 LF 4,371,776 466,512 7,387,380 0.4810 0.940 68,166 1,035 319 44 5 
55 6503 2.3 1 0.5 3 1750 40 200 200 
 
2470 750 LF 5,571,598 386,604 12,303,592 0.2980 0.980 20,265 291 99 
 
6.5 
56 6503 2.3 1 0.5 1.3 1750 40 200 200 
 
3230 750 LF 6,184,158 354,701 13,713,589 0.2720 0.990 12,999 187 62 
 
8.4 
57 6503 2.3 2 1 10 1250 25 200 200 200 2280 750 LF 6,597,577 504,898 11,180,557 0.5190 0.920 80,868 1,174 373 60 6 
58 6503 2.3 2 1 15 1250 25 200 200 200 2090 750 LF 6,444,437 504,863 9,707,946 0.6330 0.920 88,503 1,301 404 64 5.6 
59 6503 2.3 2 1 3 1250 40 200 200 200 3230 750 LF 8,227,952 395,827 15,120,547 0.3660 0.970 32,242 445 155 30 8.4 
60 6503 2.3 2 1 1.3 1250 40 200 200 200 3420 750 LF 8,381,092 389,105 16,640,820 0.3300 0.970 30,371 419 145 30 8.9 
61 6503 2.3 2 0.5 10 1000 65 200 200 200 1710 750 LF 5,983,232 456,745 10,129,124 0.4700 0.950 50,590 752 251 35 5.2 
62 6503 2.3 2 0.5 15 1000 40 200 200 200 1710 750 LF 5,262,670 529,950 8,688,342 0.5660 0.900 102,220 1,551 482 66 5.3 
63 6503 2.3 2 0.5 3 1000 65 200 200 200 2470 750 LF 6,595,792 420,133 13,911,621 0.3370 0.970 32,525 448 171 29 7.1 
64 6503 2.3 2 0.5 1.3 1250 65 200 200 
 
3040 750 LF 7,642,475 366,216 15,416,323 0.3060 0.980 15,565 216 82 
 
8.6 
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A5.2 Table of Results of Sensitivity Analysis for Alternative Energy Systems Optimisation for Likoma Island (14-hours Electricity Supply) 
Sensitivity Sensitivity Variables Configuration of Optimal System Type  Merit Factors Comparison 
Number Daily Load Profile 
(kWh/day) 
Diesel (US$/L) PV Capital Cost 
Relative to  Best 
Estimate 
WTG Capital Cost 
Relative to Best 
Estimate 
Interest Rate (%) PV (kW) 10kWDC Wind 
Turbine Generator 
Diesel Generator 
1 (kW) 
Diesel Generator 
2 (kW) 
Diesel Generator 
3 (kW) 
2V x 1150Ah  
Batteries  
(Number) 
Converter (kW) Dispatch 
strategy 
Initial capital 
(US$) 
Operating cost 
(US$/yr) 
Total NPC 
(US$) 
COE (US$/kWh) Renewable 
fraction 
Diesel 
Consumption 
(L/yr) 
D-G1 
Operating 
Time (hrs/yr) 
D-G2 
Operating 
Time (hrs/yr) 
D-G3 
Operatin
g Time 
(hrs/yr) 
Battery Life. 
 (yrs) 
NPC of a PV-Diesel System  for a Sensitivity  
Case with PV-wind-diesel as the 
 Optimal System (US$)   
1 3458.6 1.92 1 1 10 1000  200 200 200 1520 500 LF 2,706,937 264,147  5,104,614 0.445 0.94 36,411 521 202 55 6.3  
2 3458.6 1.92 1 1 15 1000  200 200 200 1330 500 LF  2,553,797 269,981  4,298,997 0.527 0.92 44,997 707 231 56 5.7  
3 3458.6 1.92 1 1 3 1250  200 200  1520 500 LF  3,000,568 247,794  7,315,445 0.333 0.96 20,843 303 119  6.1  
4 3458.6 1.92 1 1 1.3 1250  200 200  2280 500 LF  3,613,128 214,731  8,171,347 0.305 0.98 9,412 142 51  8.8  
5 3458.6 1.92 1 0.5 10 1000 10 200 200  1330 500 LF  2,842,022 239,520  5,016,153 0.438 0.96 22,577 342 130  5.9 5,104,614 
6 3458.6 1.92 1 0.5 15 750 15 200 200  1140 500 LF  2,539,363 264,690  4,250,357 0.521 0.93 41,608 725 192  5.5 4,298,997 
7 3458.6 1.92 1 0.5 3 1000 20 200 200  1330 500 LF  3,130,247 225,816  7,062,420 0.321 0.98 12,287 192 69  6.4 7,315,445 
8 3458.6 1.92 1 0.5 1.3 1000 20 200 200  1710 500 LF  3,436,527 209,990  7,894,106 0.295 0.99 7,490 107 49  8 8,171,347 
9 3458.6 1.92 2 1 10 750 5 200 200 200 1520 500 LF  3,592,425 290,021  6,224,956 0.543 0.91 53,131 779 301 64 6.7 6,255,342 
10 3458.6 1.92 2 1 15 750  200 200 200 1330 500 LF  3,151,060 334,963  5,316,311 0.651 0.85 87,078 1,465 389 94 6.3  
11 3458.6 1.92 2 1 3 1000  200 200  2090 500 LF  4,350,882 243,181  8,585,430 0.391 0.96 23,261 324 140  8.2  
12 3458.6 1.92 2 1 1.3 1000 5 200 200  2280 500 LF  4,792,247 219,863  9,459,395 0.353 0.98 13,648 190 87  9.1 9,504,172 
13 3458.6 1.92 2 0.5 10 750 15 200 200  1330 500 LF  3,583,397 256,244  5,909,333 0.516 0.94 32,093 499 172  6.2 6,255,342 
14 3458.6 1.92 2 0.5 15 500 20 200 200 200 950 500 LF  2,833,967 345,696  5,068,596 0.621 0.85 86,098 1,443 413 59 5.3 5,316,311 
15 3458.6 1.92 2 0.5 3 750 20 200 200  1710 500 LF  4,033,790 232,036  8,074,269 0.367 0.97 16,543 238 98  7.8 8,585,430 
16 3458.6 1.92 2 0.5 1.3 750 20 200 200  1900 500 LF  4,186,930 224,126  8,944,567 0.334 0.97 14,297 200 85  8.6 9,504,172 
17 3458.6 2.3 1 1 10 1250  200 200  1330 500 LF  2,847,428 262,136  5,226,846 0.456 0.95 26,823 427 140  5.5  
18 3458.6 2.3 1 1 15 1000  200 200 200 1330 500 LF  2,553,797 287,080  4,409,526 0.54 0.92 44,997 707 231 56 5.7  
19 3458.6 2.3 1 1 3 1250  200 200  2090 500 LF  3,459,988 226,449  7,403,180 0.337 0.98 11,625 176 66  8.1  
20 3458.6 2.3 1 1 1.3 1250  200 200  2470 500 LF  3,766,268 211,078  8,246,924 0.308 0.99 7,781 113 45  9.4  
21 3458.6 2.3 1 0.5 10 1000 10 200 200  1330 500 LF  2,842,022 248,099  5,094,027 0.445 0.96 22,577 342 130  5.9 5,226,846 
22 3458.6 2.3 1 0.5 15 750 15 200 200  1330 500 LF  2,692,503 256,776  4,352,345 0.533 0.94 32,093 499 172  6.2 4,409,526 
23 3458.6 2.3 1 0.5 3 1000 20 200 200  1520 500 LF  3,283,387 221,466  7,139,814 0.325 0.98 9,498 139 58  7.2 7,403,180 
24 3458.6 2.3 1 0.5 1.3 1000 20 200 200  1710 500 LF  3,436,527 212,837  7,954,525 0.297 0.99 7,490 107 49  8 8,246,924 
25 3458.6 2.3 2 1 10 750 10 200 200  1330 500 LF  3,727,510 293,058  6,387,610 0.557 0.92 43,784 692 224  6.1 7,527,475 
26 3458.6 2.3 2 1 15 750 5 200 200 200 1330 500 LF  3,439,285 318,903  5,500,720 0.674 0.89 62,157 987 323 65 6.1 5,784,856 
27 3458.6 2.3 2 1 3 1000 5 200 200  2090 500 LF  4,639,107 232,832  8,693,439 0.395 0.97 15,991 225 101  8.5 8,739,350 
28 3458.6 2.3 2 1 1.3 1000 5 200 200  3230 500 LF  5,557,947 188,191  9,552,784 0.356 0.99 6,862 92 45  12.6 9,601,944 
29 3458.6 2.3 2 0.5 10 750 20 200 200  1330 500 LF  3,727,510 250,096  5,997,638 0.523 0.96 23,532 364 132  6.3 6,414,729 
30 3458.6 2.3 2 0.5 15 750 15 200 200  1330 500 LF  3,583,397 256,777  5,243,238 0.643 0.94 32,093 499 172  6.2 5,503,761 
31 3458.6 2.3 2 0.5 3 750 20 200 200  1900 500 LF  4,186,930 229,363  8,180,856 0.372 0.97 14,297 200 85  8.6 8,739,350 
32 3458.6 2.3 2 0.5 1.3 750 20 200 200  1900 500 LF  4,186,930 229,559  9,059,896 0.338 0.97 14,297 200 85  8.6 9,601,944 
33 4497 1.92 1 1 10 1250  200 200 200 1900 750 LF  3,372,016 341,642  6,473,117 0.434 0.93 51,371 636 283 72 6.1  
34 4497 1.92 1 1 15 1250  200 200 200 1710 750 LF  3,218,876 343,617  5,440,068 0.513 0.92 60,333 815 305 76 5.7  
35 4497 1.92 1 1 3 1500  200 200 200 2090 750 LF  3,818,787 314,905  9,302,280 0.325 0.96 28,879 325 173 43 6.5  
36 4497 1.92 1 1 1.3 1750  200 200 200 2850 750 LF  4,724,978 267,370  10,400,572 0.298 0.99 9,816 121 57 12 8.5  
37 4497 1.92 1 0.5 10 1000 20 200 200 200 1520 750 LF  3,348,555 333,788  6,378,362 0.428 0.94 45,388 639 239 52 5.6 6,473,117 
38 4497 1.92 1 0.5 15 1000 15 200 200 200 1520 750 LF  3,204,442 340,256  5,403,905 0.509 0.92 57,843 818 312 74 5.6 5,440,068 
39 4497 1.92 1 0.5 3 1250 20 200 200 200 1710 750 LF  3,795,326 300,321  9,024,863 0.316 0.97 22,585 282 128 33 6.1 9,302,280 
40 4497 1.92 1 0.5 1.3 1500 20 200 200  2280 750 LF  4,548,377 260,396  10,075,930 0.289 0.99 7,387 97 44  8 10,233,159 
41 4497 1.92 2 1 10 1000 5 200 200 200 1900 750 LF  4,551,135 367,431  7,886,317 0.529 0.9 68,799 856 399 97 6.5 7,891,748 
42 4497 1.92 2 1 15 1000  200 200 200 1330 500 LF  3,738,322 458,748  6,703,738 0.632 0.82 136,660 2,093 649 122 5.6  
43 4497 1.92 2 1 3 1250 5 200 200 200 2470 750 LF  5,597,817 305,579  10,918,915 0.382 0.96 28,221 323 166 42 7.7 10,934,933 
44 4497 1.92 2 1 1.3 1250 10 200 200 200 2850 750 LF  6,192,322 275,527  12,041,083 0.346 0.98 16,822 192 102 25 9 12,108,312 
45 4497 1.92 2 0.5 10 750 40 200 200 200 1520 750 LF  4,522,267 327,244  7,492,671 0.503 0.95 36,573 521 203 38 5.9 7,891,748 
46 4497 1.92 2 0.5 15 750 20 200 200 200 1140 500 LF  3,574,370 436,969  6,399,004 0.603 0.84 117,652 1,782 643 97 5.1 6,703,738 
47 4497 1.92 2 0.5 3 1000 40 200 200 200 1710 750 LF  5,262,670 288,462  10,285,700 0.36 0.98 15,936 203 88 27 6.7 10,934,933 
48 4497 1.92 2 0.5 1.3 1000 40 200 200 200 2090 750 LF  5,568,950 272,439  11,352,150 0.326 0.98 11,434 127 68 21 8.1 12,108,312 
49 4497 2.3 1 1 10 1500  200 200 200 1900 750 LF  3,665,647 325,418  6,619,479 0.444 0.95 33,598 407 190 47 6  
50 4497 2.3 1 1 15 1250  200 200 200 1710 750 LF  3,218,876 366,544  5,588,268 0.527 0.92 60,333 815 305 76 5.7  
51 4497 2.3 1 1 3 1750  200 200 200 2470 750 LF  4,418,698 287,954  9,432,882 0.33 0.98 13,715 173 76 16 7.4  
52 4497 2.3 1 1 1.3 1750  200 200  3040 750 LF  4,878,118 263,549  10,472,616 0.301 0.99 7,988 101 49  9  
53 4497 2.3 1 0.5 10 1250 15 200 200 200 1710 750 LF  3,651,213 312,170  6,484,797 0.435 0.96 28,709 354 172 43 6 6,619,749 
54 4497 2.3 1 0.5 15 1000 20 200 200 200 1520 750 LF  3,348,555 336,956  5,526,690 0.521 0.94 45,388 639 239 52 5.6 5,588,268 
55 4497 2.3 1 0.5 3 1500 20 200 200 200 1900 750 LF  4,242,097 280,392  9,124,602 0.319 0.98 11,687 141 68 19 6.7 9,432,882 
56 4497 2.3 1 0.5 1.3 1500 20 200 200  2470 750 LF  4,701,517 255,967  10,135,060 0.291 0.99 5,997 79 37  8.6 10,472,616 
57 4497 2.3 2 1 10 1000 5 200 200 200 1900 750 LF  4,551,135 393,574  8,123,625 0.545 0.9 68,799 856 399 97 6.5 8,128,467 
58 4497 2.3 2 1 15 1000  200 200 200 1900 750 LF  4,262,910 416,791  6,957,111 0.656 0.88 88,870 1,180 463 110 6.5  
59 4497 2.3 2 1 3 1250 10 200 200 200 2470 750 LF  5,886,042 298,565  11,084,997 0.388 0.97 21,448 247 130 32 7.9 11,138,026 
60 4497 2.3 2 1 1.3 1250 10 200 200 200 3040 750 LF  6,345,462 274,497  12,172,347 0.349 0.98 15,022 168 93 22 9.6 12,197,974 
61 4497 2.3 2 0.5 10 750 40 200 200 200 1710 750 LF  4,675,407 323,807  7,614,617 0.511 0.96 29,870 387 175 35 6.5 8,128,467 
62 4497 2.3 2 0.5 15 750 40 200 200 200 1330 750 LF  4,369,127 350,706  6,636,145 0.625 0.94 46,479 714 239 43 5.4 6,957,111 
63 4497 2.3 2 0.5 3 1000 40 200 200 200 2090 750 LF  5,568,950 276,608  10,385,568 0.363 0.98 11,434 127 68 21 8.1 11,138,026 
64 4497 2.3 2 0.5 1.3 1000 40 200 200 200 2090 750 LF  5,568,950 276,784 11,444,384 0.328 0.98 11,434 127 68 21 8.1 12,260,905 
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A5.3 Pollutant Emissions from Simulated Energy Systems for Likoma 
Island  
A5.2.1 Emissions (in kg/year) from a diesel-only system supplying electricity for 14 hours 
CO2  CO UHC  PM SO2  NOx  
1,427,883 3,525 390 266 2,867 31,450 
A5.2.2 Emission (in kg/year) from a diesel-only system supplying electricity for 24 hours 
CO2  CO UHC  PM SO2  NOx  
2,072,838 5,117 567 386 4,163 45,655 
A5.2.3 Emission (in kg/year) from PV/wind based systems supplying electricity for 14 hours 
Optimal system 
type 
CO2  CO UHC  PM SO2  NOx  
PV-diesel-battery 95,881 237 26 18 193 2,112 
PV-wind-diesel-
battery 82,390 203 23 15 165 1,815 
PV-battery 0 0 0 0 0 0 
PV-wind-battery 0 0 0 0 0 0 
Wind-diesel-battery 669,112 1,652 183 125 1,344 14,737 
Wind-battery 0 0 0 0 0 0 
A5.2.4 Emission (in kg/year) from PV/wind based systems supplying electricity for 24 hours 
System rank CO2  CO UHC  PM SO2  
PV-wind-diesel-battery 125,660 34 23 252 2,768 
PV-diesel-battery 161,261 44 30 324 3,552 
PV-wind-battery 0 0 0 0 0 
PV-battery 0 0 0 0 0 
Wind-diesel-battery 822,679 225 153 1,652 18,120 
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A5.4 Results of Sensitivity Analyses for the Hospital’s PV/wind system 
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A5.5 Results of Sensitivity Analyses for Likoma Secondary School PV/wind 
System 
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A5.6 Results of Sensitivity Analyses for Chipyela Secondary School PV 
System 
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A5.7 Results of Sensitivity Analyses for a Household PV System 
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A6.1 Statistics of Household Perception about Services on Likoma Island 
Details of statistics for the respondents‘ perceptions about social services 
Details of statistics for the respondents‘ perceptions about household energy-services  
  
Importance ranking of social services Satisfaction scores  
Sewerage Health Electricity Education Water 
Supply 
Education Health Water 
supply 
Electricity 
Valid responses 169 187 184 188 188 179 178 179 180 
Mean 2.6805 3.4492 2.4511 3.0798 3.7872 2.27 2.12 3.28 1.97 
Std error rate 5% 3% 4% 3% 3% 3% 3% 2% 3% 
Std. Error of Mean 0.122 0.108 0.105 0.103 0.108 0.077 0.069 0.067 0.062 
Median 2 4 2 3 5 2 2 4 2 
Mode 1 5 1 3.00a 5 2 2 4 2 
Std. Deviation 1.586 1.478 1.429 1.410 1.487 1.036 0.916 0.901 0.828 
Skewness 0.375 -0.536 0.679 -0.027 -0.832 0.239 0.432 -1.248 0.708 
Std. Error of 
Skewness 0.187 0.178 0.179 0.177 0.177 0.182 0.182 0.182 0.181 
Kurtosis -1.424 -1.121 -0.892 -1.267 -0.801 -1.124 -0.635 0.817 0.166 
Std. Error of 
Kurtosis 0.371 0.354 0.356 0.353 0.353 0.361 0.362 0.361 0.360 
Minimum 1 1 1 1 1 1 1 1 1 
Maximum 5 5 5 5 5 4 4 4 4 
Sum of  scores 453 645 451 579 712 406 377 588 355 
Normalised sum of 
scores 
0.536 0.690 0.490 0.616 0.757 0.567 0.529 0.821 0.493 
a) Multiple modes exist. The smallest value is shown 
  
Importance ranking Satisfaction scores  
Cooking Lighting Water 
Heating 
Radio TV Telephone Others Energy 
for 
Cooking 
Energy 
for 
Lighting 
Energy 
for Water 
heating 
Energy 
for 
Radio 
Energy 
for TV 
Energy 
for 
Telephone 
Valid 
responses 121 123 66 86 78 69 10 139 137 89 91 58 59 
Mean 8.5041 8.9268 7.1515 7.2674 7.5513 7.1884 7.8 2.38 2.34 2.33 2.21 2.21 2.54 
Std error 
rate 3% 2% 4% 3% 3% 4% 7% 4% 4% 4% 5% 6% 6% 
Std. Error of 
Mean 0.215 0.197 0.261 0.203 0.243 0.277 0.533 0.088 0.083 0.102 0.107 0.143 0.146 
Median 9 10 8 7 8 7 8 2 2 2 2 2 3 
Mode 9 10 8 7 10 10 8.00a 2 2 2 1 1 3 
Std. 
Deviation 2.367 2.181 2.121 1.881 2.142 2.303 1.687 1.038 0.972 0.963 1.017 1.088 1.119 
Skewness -2.308 -2.608 -1.172 -0.854 -0.776 -0.461 -0.827 0.165 0.157 0.159 0.280 0.332 -0.071 
Std. Error of 
Skewness 0.220 0.218 0.295 0.260 0.272 0.289 0.687 0.206 0.207 0.255 0.253 0.314 0.311 
Kurtosis 4.545 6.270 1.494 1.449 0.523 -0.483 -0.212 -1.126 -0.957 -0.922 -1.070 -1.205 -1.347 
Std. Error of 
Kurtosis 0.437 0.433 0.582 0.514 0.538 0.570 1.334 0.408 0.411 0.506 0.500 0.618 0.613 
Minimum 1 1 1 1 1 2 5 1 1 1 1 1 1 
Maximum 10 10 10 10 10 10 10 4 4 4 4 4 4 
Sum 1029 1098 472 625 589 496 78 331 320 207 201 128 150 
Normalised 
sum of 
scores 
 
0.850 0.893 0.715 0.727 0.755 0.719 0.780 0.595 0.584 0.581 0.552 0.552 0.636 
a) Multiple modes exist. The smallest value is shown 
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A7.1 Illustration for Economics of Grid-Connected Energy Kiosk 
Scenario 1: Installed battery capacity = 150 kWh; Grid energy cost = US$0.441 per kWh 
Discount rate = 10 per cent 
Year Capital Cost 
(US$) 
 O & M 
(US$) 
Annual Energy Cost  
(US$) 
Net Present Cost 
(US$) 
0 60000 0 0 60,000.000 
1  3950 24144.75 25,540.682 
2  3950 24144.75 23,218.802 
3  3950 24144.75 21,108.002 
4  3950 24144.75 19,189.092 
5  3950 24144.75 17,444.629 
6  3950 24144.75 15,858.754 
7  3950 24144.75 14,417.049 
8  3950 24144.75 13,106.408 
9  3950 24144.75 11,914.917 
10  3950 24144.75 10,831.742 
   Total NPC 232,630.077 
   LCOE 0.531 
   Cost per household per day 0.064 
   Cost per household per day 1.91 
 
Calculations for Annual O &M: 
Battery maintenance cost = US$2 per kWh installed per year = US$300 
Operations cost assumed at US$10 per day (for wages of operator and other costs) = US$3,650 
Calculations for Annual Energy Cost  
Energy demand = 120 kWh  
Daily energy purchase = 150 kWh (due to charge-discharge losses of 20 per cent) 
Annual energy cost = 150 kWh × US$0.441 per kWh × 365 
 LCOE = Total NPC divided by total energy sold over 10 years 
Total energy sold over 10 years = 120 kWh × 365 × 10 = 438,000 kWh  
Cost per household per day = LCOE × 120 Wh/1000 
Cost per household per month = cost per household per day × 30 
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Scenario 2: Installed battery capacity = 150 kWh; Grid energy cost = US$0.329 per kWh 
Discount rate = 10 per cent 
Year Capital Cost 
(US$) 
 O & M 
(US$) 
Annual Energy Cost  
(US$) 
Net Present Cost 
(US$) 
0 60000 0 0 60,000.000 
1   3950 18012.75 19,966.136 
2   3950 18012.75 18,151.033 
3   3950 18012.75 16,500.939 
4   3950 18012.75 15,000.854 
5   3950 18012.75 13,637.140 
6   3950 18012.75 12,397.400 
7   3950 18012.75 11,270.363 
8   3950 18012.75 10,245.785 
9   3950 18012.75 9,314.350 
10   3950 18012.75 8,467.591 
      Total NPC 194,951.591 
      LCOE 0.445 
      Cost per household per day 0.053 
   Cost per household per month 1.60 
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Scenario 3: Installed battery capacity = 150 kWh; Grid energy cost = US$0.085 per kWh 
Discount rate = 10 per cent 
Year Capital Cost 
(US$) 
 O & M 
(US$) 
Annual Energy Cost  
(US$) 
Net Present Cost 
(US$) 
0 60000 0 0    60,000.000  
1   3950 4653.75     7,821.591  
2   3950 4653.75     7,110.537  
3   3950 4653.75     6,464.125  
4   3950 4653.75     5,876.477  
5   3950 4653.75     5,342.252  
6   3950 4653.75     4,856.593  
7   3950 4653.75     4,415.084  
8   3950 4653.75     4,013.713  
9   3950 4653.75     3,648.830  
10   3950 4653.75     3,317.118  
      Total NPC  112,866.319  
      LCOE            0.258  
      Cost per household per day            0.031  
   Cost per household per month             0.93  
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Glossary  
Annualised cost: Equal yearly cost that can pay for the investment cost over specified number 
of years [63].    
Beam radiation: Radiation that comes directly from the sun not including reflections from 
atmospheric particles [61].   
Capacity shortage: The difference between required operating capacity and actual operating 
capacity of a power system [63].  
Concession fund:  Grant money  to cover up losses made by  a business that offers public 
services at a price that  enhances people‘s access to the offered services but 
makes the business not to be financially viable  
Culture inertia: Resistance to change by a particular society  
Curtail: To limit power export into the power system network 
Cut in wind speed: The wind speed at which a wind turbine starts producing power [62]. 
Cut out wind speed: The wind speed at which a wind turbine stops producing power for safety 
reasons [62]. 
Diffuse  radiation: Radiation that is reflected and scattered by clouds, water vapour and other 
atmospheric particles [61].    
Dispatchable: Having characteristics of being controllable as to when to produce or not 
produce power 
Dispatch strategy: Rules which control how the battery should be charged in a power system 
[63]. 
Ethnography: Qualitative research technique of observing events (usually related to social 
life) as they happen naturally [115].  
Extra-terrestrial solar 
radiation: 
Amount of solar radiation outside the earth‘s atmosphere [61].  
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Float life of battery: The maximum time the battery can live if it stays constantly at its rated 
charge capacity 
Global solar 
radiation: 
Total solar radiation which includes beam and diffuse radiation [61].  
Levelised cost of 
energy: 
Real cost that can recover the cost of an investment if paid over the lifetime 
of the investment [60]  
Operating reserve: Extra power capacity that can quickly respond to increase in electricity 
demand or  decrease in capacity of operating generators[63] 
Power system 
unbalance: 
Mismatch between electricity demand and supply which can cause voltage 
and frequency changes  
Real power: Useful fraction of the generator nameplate power rating; or the effective 
power of an electrical load (for a comprehensive mathematical definition, a 
basic electrical engineering book can help e.g. [163] 
Shock: Sudden dramatic unexpected event e.g. disease outbreak or sudden floods 
[164]. 
Social equitability: Balanced benefits across different social classes 
Stress: Gradual build-up of adverse events e.g. rising debt or increasing temperature 
[164]. 
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